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ABSTRACT 

A systematic study of gram boundary control m silicon nltnde ceramlcs 

was carr~ed out. Three series of compositions wlth varymg amounts of 

additives were slntered to near-theoretlcal denslty to achleve a two-phase 

system consistrng of {3 silicon nltrrde or W sralon and a Y-SrAION glass 

Optimum heat treatment conditions to crystaillze the glassy gram boundary 

phase to Y3A1s012 (YAG) were determlned to be 1400"( and one hundred 

hours for most compositions However, devltrtflcatlon of the glass to garnet 

had a detnmental effect on the room temperature strength Th 15 decrease lr1 

strength IS attnbuted to the volume shnnkage assoclated wlth the formatIon 

of YAG, whlch results ln the debondlng of the garnet crystal from the 

surroundmg grains 

-" -



RESUME 

On a effectue une etude systématIque du contrôle du JOint de grain dans 

les céramIques de nitrures de silice TroIs groupes de compositions 

dlfferentes comprenant chacun des quantités varrables d'additifs ont eté 

fntés Jusqu'a atteindre apprOXimativement la denslte théorique, le but de 

cette operation étant d'obtenir un systeme binaire composé de J3 nitrure de 

sili~e ou P' slalon et une phase vitreuse Y-SIAION Les conditIons de 

traitement thermique optimales permettant la cristallisation de la phase 

vitreuse se trouvant aux JOints de grain en Y3AIs012 (YAG) ont été 

determlnees et sont 1400ù C et cent heures pour la plupart des compositions 

Cependant, la dévltrrflcatlon du verre en "garnet" a eu un effet néfaste sur la 

reslstance mecanlque a température ambiante Cet affaiblissement de la 

reslstance mecanlque est attrrbuable à la contractIon assocIée à la formatIon 

de Y AG qu 1 indUit une d écohéslo n des crlsta u x de "garnet" des g ra 1 ns 

aVOISI nnants 

- '" -



ACKNOWLEDGEM ENTS 

1 would IIke to express my slncere gratitude to my thesls superVlsor, 

Professor R.A L Drew, for mvaluable direction and a much admlred drlvlI1g 

force for research Many thanks to the people who are part of the 

Department of Mlnmg and Metôllurgy for makmg my years at McGlI1 very 

memorable, and a special thanks ta Protessors J J Jonas and R 1 L Guthne for 

use of thelr Xerox systems. 

1 would also IIke to thank the people at NRC for TEM sample preparation 

and JEOL, USA for endless hours of help ln analyzmg TEM samples, ln 

particular Mr J Leh man 

Finally, and most Importantly 1 thank my husb<1nd, Simon, for bellevlng ln 

me and glvmg me the confidence to achleve a dre<1m 

- IV -



-1,. 

ABSTRACT 

RESUME 

ACKNOWLEDGEMENTS 

TABLE OF CONTENTS 

LIST OF FIGURES 

LIST OF TABLES 

1. INTRODUCTION 

2. L1TERATURE REVIEW 

TABLE OF CONTENTS 

2.1 The Nature of Silicon Nitnde 

2.1.1. Bonding 

2.1.2 Crystal Structure and Morphology 

2.2 Densification Methods 

2.2.1 Hot Pressmg 

2 2.2 Hot Isostatlc Pressmg 

2.2.3 Smtenng of Silicon Nltride 

2 3 Liquid Phase Smtenng 

2.3.1 The Dnvmg Force for Sintenng 

Il 

i i ; 

IV 

V 

VIII 

XII 

1 

3 
3 

3 

3 

6 

6 

8 

8 

9 

9 

2.3.2 The 5mtenng Process 12 

232.1 Partlcle Rearrangement 14 

2.3 2 2 Solutlon-Diffuslon-Precipitation 15 

2.3.2 3 Coalescence 18 

2.3.2.4 Effect of Other Parameters on Densification 18 

2.3 3 LlqUld Phase Smtermg of Si3N4 and Sialons 19 

2.4 The Role of Smtenng Alds 

2.4.1 Effect on DensifICation 

2.4.2 Types of Additives 

2.4.2.1 The Siaion System 

2.4.2.2 Smtermg wlth Oxide Additives 

2.4.3 Non-oxlde 5mtenng Alds 

2.4.4 General Charactenstlcs of Sintermg Aids 

- v -

25 
26 
26 
28 

33 
41 

41 



2.5 Grain Boundary Control 41 

•• 2.5.1 Heat Treatment of Sialons 44 

2.5 1.1 Theory of Glass Formation 44 

2.5 1.2 The Glass-Formlng Region of 47 

Y-SiAION System 

2.5.1.3 Theory of Crystallizatlon of 60 

Glass-Ceramlc Systems 

2.5.1.4 Crystaillzation of Y-SI-AI-O-N Glasses 63 

2.5.1.5 Heat Treatment Conditions 68 

2.6 Mechanlcal Propertles 70 

2.6.1 Room Temperature Strength 71 

2.6.1.1 Effect of Microstructure on Strength 71 

2.6.1 2 Effect of the Gram Boundary Phase 76 

on Strength 

2.6.2 Hlgh Temperature Mechanlcal Properties 78 

2.7 Success of Gram Boundary Engineering to Date 82 

3. SCOPE OF PRESENT STUDY 83 

4. EXPERIMENTAL PROCEDURE 85 

4.1 Compositions 85 

4.2 Sample PreparatIon 90 

4.3 Sintenng Process 93 

4.3.1 The Archlmedes Method 95 

4.4 Heat Treatment Process 96 

4.5 Analysls 96 

4.5.1 Phase Identification 96 

4.5.2 a to ~ Transformation 97 

4.5.3 YAG Content 97 

4.5.4 Measurement of z Values 100 

4.5.5 Gram Morphology 104 

4.5.6 Analysis ofTnple POints 106 

4.6 Mechanical Propertles 108 

S. RESULTS AND DISCUSSION 111 

5.1 The Sintenng Stage 111 

5.1.1 Sintered Densltles and Welght Losses 111 

5.1.2 Phases Formed upon Slntenng 114 

- VI -



--------------------------------------------------------

,1 
5.1.3 Z Value 116 

52 The Heat Treatment Stage 121 

5.2 1 Welght Losses and Denslties 122 

522 Phases Formed after Heat Treatment 123 

5.3 Optlmlzatlon of Heat Treatment Conditions 128 

531 Temperature 128 

532 Tlme 130 

5.3 3 Z Value 134 

5.4 The Effect of Additive Content on DevltnflCatlon 137 

5.5 Gram Morphology 140 

5.6 TransmIssIon Electron Mlcroscopy 143 

561 Analysls of the Devltnficatlon Process 144 

5 6 1.1 Poor DevltnflCatlon 145 

5 6 1 2 PartIal DevltnflCatlon 150 

5 6 1 3 Full Devltnflcatlon 156 

5 6.2 EELS AnalySlS 159 

57 Mechanlcal Propertles 161 

5 7.1 Mlcropore Coalescence 171 

572 The YAG Phase 173 

6. CONCLUSIONS AND TOPICS FOR FURTHER RESEARCH 176 

6 1 Conclusions 176 

6 1 1 A.chlevmg P' + YAG 176 

6 1 2 The Propertles of YAG 177 

6.2 Further Research 178 

REFERENCES 179 

APPENDICES 185 

- VII -



LIST OF FIGURES 

Figure Pa9...~ 

2.1 Idealized structure of (a) a-SI3N4; (b) ~-Si3N4 4 

2.2 Madel of liquid-phase smtermg mvolvrng volatile reactlon 1 1 

23 Spherical partlcles held together by IlqUid caplilary pressure 11 

2.4 Kingery model of liquld phase srntenng 13 

2.5 Physlcal representatlon of Ilquld phase denSification and 16 

transformation accordrng to Klngery's stage (II) solutlon-

precIpitatIon model 

2.6 Klngery process of densificatIon of SI3N4 20 

27 Solution-precl pltatlon model for the Irquld phase 22 

sinterr ng of SI3N4 

2.8 Shrrnkage and transformation after 30 minutes of vanous 23 

temperatures for pressureless stntertng of silIcon nltnde 

wlth Y203 and MgO 

29 Influence of the amount of MgO addition on the densifICation 27 

of SI3N4 by hot pressrng 

2 10 Phase relatlonshlp of SI3N4-AI203-AIN at 17000
( 29 

2.11 Thermal expansion of O'-Slaion (z = 3) and p-sdlcon nltnde 31 

2.12 Effect of extent of SubstItution on cell dImensions 31 

2 13 Phase relatlonshlps at 17500
( IndlCatrng extent of 32 

Ilquld fIeld ln 5102 end of dlagram 

2 14 System Y203 -5102 34 

2 15 Subso"du~ phase relatlonshlps ln SI-Y-O-N. 36 

2.16 Influence of the type of additive on the densification of 39 

SI3N4 by hct-pressrng 

2.17 The Y203-SI3N4-AI203 behavlour dlagram showrng glass 40 

formation after heatrng to 1900°(: (a) ln equlvalent 

concentrations, (b) 1 n welght percent 

2.18 System AI203-Y203-SI02 42 

2.19 The general form of a tlme-temperatu re-transformation 46 

(T-T-T) curve. 

- VIII -



1 
2.20 Variation of glass transition temperature (Tg) with nitrogen 49 

concentration ln th'? Y-Si-AI-O-N system. 

2.21 Variation of viscosity with temperature for the Y-5i-AI-Q-N 50 

glasses of different nltrogen concentrations. 

2.22 Varratlon of v/scos/ty w/th temperature for the Y, Nd, Ca, and 51 

Mg slalon 9 lasses (28M: 5651: 16AI) wlth 10elo nitrogen 

concentration. 

2.23 The Y-SI-AI-O-N glass-formlng reglon at 1700°C represented 53 

ln three dimensions 

2.24 The Y-SI-AI-Q-N glass-formlng region at 1700°C on the 55 

0, 10, and 22 e/o nltrogen planes. 

2.25 Phase relationshlps in the .p' -YAG plane at 1550°C. 56 

2.26 Phase relatlonshlps ln the .P' -YAG plane at 1550°C. 57 

2.27 Phase relatlonshlps in the y -SI-AI-Q-N system. 58 

2.28 Phase relat/onshlps ln the .P' -YAG plane at 1700°C. 59 

229 Rates of homogeneous nucleatlon and crystal growth 61 

ln a VISCOUS liqUid 

2.30 Schematlc dlagram showlng growth of crystalline YAG phase 65 

and diffusion of SI and N Into the amorphous phase. 

2.31 TTT-diagrams of VAG crystaillzation ln p-slalon with 66 

(a) z = 04 and (b) z = 1.5 

2.32 Phase relatlonshlps 1 n the .p' -VAG plane at 1050°C. 67 

2.33 Phase relatlonshlps ln the .P' -VAG plane at 1350°C. 69 

2.34 Infl uence of two typlcal microstructural variables of 73 

dense S13N4, (a) the aspect ratIo and (b) the grain size of the 

p phase, on the mechanlcal propertles at room temperature. 

2.35 Room temperature modulus of rupture and degree of 75 

conversion as a functlon of hot pressing at 1250°C under 

20 MPa for hlgh a-silIcon nltnde + 5wt.% MgO 

2.36 Room temperature fracture toughness as a function of the 77 

volume fraction of second phase for cordierite and garnet 

SIAl ON 

237 Transverse rupture strenr:-th ofsrntered and crystallized 79 

slalon as a functlon of temperature. 

2.38 Companson of creep rates of nltrogen ceramic materials 81 

wlth varymg composition and mIcrostructure. 

- IX -



4.1 Compositions studied wlthm the SI3N4-AI303N-YAG boundanes. 86 
oÀ 

4.2 Cation equlvalence tnangles for compositions wlth varymg 88 

O/N contents. 

4.3 X-ray diffraction pattern of as-smtered Id 98 

4.4 Calibration curve for wt % p m sample 99 

4.5 YAG calibration curve for (211) diffraction Ime 101 

4.6 YAG calibration curve for (400) diffraction Ime 102 

4.7 YAG calibration curve for (640) diffraction Ime 103 

4.8 Calibration curves for z value determlrlatlon based on: 104 

(a) a parameter; and (b) c parameter 

4.9 Schematic of modulus of rupture loadmg, dlustratmg sample 110 

5.1 Effect of additive content on predlcted and observed 118 

z value of Senes l 

5.2 Effect of additive content on predlcted and observed 119 

z value of Senes II 

5.3 Effect of additive content on predlcted and observed 120 

z value of Senes III 

5.4 Effect of heat treatment temperature on the amount of 129 

YAG formed. 

5.5 Effect of heat treatment tlme (1400°C) on the amount of 131 

YAG formed Irl Senes I. 

5.6 Effect of heat treatment tl me (1400°C) on the amou nt of 132 
YAG formed Irl Senes II 

5.7 Effect of heat treatment tlme (1400°C) on the amount of 133 

YAG formed ln Senes ID 

5.8 Average z value vs heat treatment tlme at 14000
( for Ile 135 

5.9 Average z value vs heat treatment tlme at 14000
( for IIb 136 

5.10 Effect of heat treatment tlme at 1400"( on the extent 138 

of devltnflcatlon of glass to YAG. 

5.11 Effect of AI3 + + y3 + on devltnflcatlon of YAG at 14000
( 139 

for 100 hou rs 

5.12 Microstructure of la, contaJnlrlg llw/o additives 142 

5.13 Microstructure of Id, contarnlng 32w/o addItives 142 

5.14 Microstructure of IIIa, contalrlmg 5w/o additives 146 

5.15 Selected area diffraction of glass pocket 146 

5.16 Energy disperSive spectra of as-slrltered glass pockets 147 

- x -



5 17 Energy dispersive spectra of heat treated glass pockets. 149 

5.18 Glass compositions determmed by EDS of as-smtered and 150 

heat treated samples 

5 19 Microstructure of IIb showlng crystaillzed YAG pockets. 152 

520 Microstructure of IIb showmg crystallized YAG pockets. 152 

5 21 Crystaillzed YAG pockets around 13 ~(alns, showmg crystal 155 

formation. 

S 22 HREM of p-(3Interface separated by a thm amorphous band 157 

5.23 Low additive composition showmg stralght grain boundary 158 

edges 

524 Hlgh additive composition showmg stralght gram boundary 158 

edges 

525 EELS of as-smtered lb, showlng the presence of nltrogen 160 
S.26 EELS of heat treated lb, showlng the presence of nltrogen 160 
527 Effect of additive content on room temperature strength 163 

for Senes 1. 

528 Effect of additive content on room temperature strength 164 
for Senes II 

529 Effect of additive content on room temperature strength 165 
for Senes III 

530 Effect of heat treatment on average room temperature 167 
strength of compositions in Senes II. 

5 31 Effect of devltnflcatlon on average room temperature 168 
strength of Senes II 

532 Schematlc of YAG pocket supported by 13 grains. 171 
533 (a) general microstructure of heat treated IIb 172 

(b) HREM of YAG and p overlap 

534 Energy dispersive spectra of varrous YAG tnple pomts, 174 
showmg the presence of SI and posslbly N 

5.35 (a) dark-fleld Image of lIb, the tr:angular gram bemg 175 
YAG; (b) HREM of YAG/SI3N4 overlap 

- XI -



.. LIST OF TABLES 

" 
Table Page 

2.1 Physical characteristics of silicon nltnde 4 

2.2 Overview and charactenstlcs of processmg steps and 7 

typical conditions of the various techniques for Si3N4 

ceramics. 

2.3 Melting temperatures of typical crysta/lme phases formed. 37 

2.4 Fracture toughness of vanous matenals. 72 

2.5 Strength and fracture energy of hlgh a and p starting 74 

materials. 

4.1 Compositions wlthm Senes 1 -Increaslng liqUid volume 89 
and z value with increasing additive content. 

4.2 Compositions wlthin Senes il - constant liquld volume 89 
and increasmg z value with mcreasmg additive content. 

4.3 Compositions within Series ID - mcreasing liqUid volume 89 
and z = 0 with mcreasmg additive content. 

4.4 Theoretical z value, wt.% YAG and denslty based on 91 
starting compositions for Series I. 

4.5 Theoretical z value, wt. % YAG and density based on 91 
starting compositions for Senes II. 

4.6 Theoretical z value, wt. % YAG and denslty based on 91 
starting compositions for Senes III. 

4.7 Characteristlcs of startlng material based on manufacturer's 92 
speCIfications. 

4.8 Sintermg conditions for Series 1. 94 
4.9 Smtering conditions for Senes II. 94 
4.10 Sintering conditions for Senes III. 94 
4.11 Samples studied by TEM showmg extent of devltnfication 106 
5.1 Fired densities and welght losses for compositions 112 

within Serres I. 

5.2 Fired densities and welght lasses for compositions 112 

withm Series il. 

5.3 F.red densitles and welght lasses for compositions 113 

within Series III. 

- xii -



1 5.4 Serres r· Phases formed upon heat treatment. 124 

55 Senes rI Phases formed upon heat treatment. 125 

56 Senes ill. Phases formed upon heat treatment. 126 

57 Partlcle morphology of smtered compositions. 141 

58 TEM samples studied based on extent of devltnfication 144 
5.9 Equivalent % cations ln la slntered and heat treated 148 

for 100 hours at 1400°C 

5 la Vanatlon ln z value wlth p grains. 153 
5 11 Anion ratios ln as smtered and heat treated samples. 159 
5.12 Average room temperature strength of 162 

as-smtered composItions 

- XIII -



CHAPTER 1 

INTRODUCTION 

Ceramic materials have long been recognlzed 1-4 as potentlal candidates 

in stru{tural and engmeenng applicatIons due to their excellent mechanlcal 

properties and chemical stabllity at high temperatures. Some of these 

applications include advanced heat engines, heat exchangers and wear

resistant parts. Ceramics whlch have been suggested for these applications 

include silicon nltnde, silicon carbide, and toughened Zlrconla, as these show 

excellent mechanical propertles and chemical stabJllty, even at elevated 

temperatures. 

Silicon nitride (Si3N4) in particular has received much attention because of 

its supenor mechanical, thermal, and thermomechanlcal propertles whlch 

are important in high temperature applications For example, the use of thls 

ceramic would permit gas turbIne operation at temperatures conslderably 

above the Ilmlts imposed by the strength of the superalloys currently usedS. 

However, the densification of silicon nitnde reqUires the use of smtenng alds, 

which results in the formation of a polyphase matenal The second phase, 

whlch can be glassy and/or crystalline, remams at the gram boundarres, the 

melting pOInt of which IS the limitmg factor in the hlgh temperature 

appl ication of the material. 

Since the discovery in 1972 6,7 of a range of Si3N4-based ceramlcs called 

Sialons, much promise eXlsts in ralsmg the operational temperature Ilmlt of 

the ceramlc. Certain additlve~ are known ta form solld solutions wlth S13N4, 

and it was origlnally believed that these sinterrng alds could be 

accommodated (completely or in part) within the SI3N4 lattlce, thereby 

eliminating or at least reducmg the amount of gram boundary phase. A new 
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l science has emerged from thls which has become known as Grain Boundary 

Engmeering (GBE) 8,9. 

Grain boundary engineering deals with the control ofthe grain boundary 

phase through two methods: (1) the careful control of additives which can be 

substltuted wlthrn the matrix; th/s thereby limlts the amount of glassy grain 

boundary phase, and (2) altering the residual glass by heat treatment to 

form crystal/me phases which show superlor refractoriness over the glass. 

The overall alm of GBE IS to tallor the grain boundary phase such that the 

overall mechan/Cal propertles of the resultmg sialon are improved, especially 

at elevated temperature. 
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CHAPTER 2 

LlTERATURE REVIEW 

2.1 THE NATURE OF SILICON NITRIDE 

2.1.1 Bonding 

The covalent nature ')f silicon mtride accounts for ItS chemical inertness, 

high hardness and strength at hlgh temperatures. These properties are 

rarely seen in metals due to the relatively weak metallic bonds present whlch 

deteriorate at elevated temperatures. This strong dlrectlonal bonding ln 

Si3N4 also accounts for the fact that, unlike metals, this ceramlC does not melt 

but decomposes close ta 1900°C and 0.1 MPa of N2 4, the reaction being: 

(2.1 ) 

This dissociation can occur at much lower temperatures ln vacuum or Inert 

atmospheres and becomes an important consideration ln the smtenng 

process. 

Also due to the high degree of covalent bonding ln S'3N4, self-diffusion 

coeffiCIents of Si and N are very low, even near the dissoCIation temperature 

and, as a consequence, full densification cannat easdy be attan"ted by flrlng 

wlthout the addition of slntenng alds. 

2.1.2 Crystal Structure and Morphology 

Si3N4 crystallizes ln two hexagonal modifications 10: a and 13 (Figure 2 1), 

the difference between the two structures bemg that the cJa ratIo of a IS 

almost twice that of 13, as seen in Table 2.1. Silicon atoms are located ln the 

center of irregular nltragen tetrahedra, each nltrogen atom belonglng to 

three tetrahedra. The SI12N16 unit cell of the a structure compnses of 

alternatmg, mlfror-Inverted Si3N41ayers ln the sequence ABCD, resultlng in a 
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a il 
Structure hexagonal hexagonal 

a-axis (nm) 0.775-0.777 0.759-0.761 

c-axls (nm) 0.516-0.569 0.271-0.292 

cfa -0.70 -0.37 

decomposition 19000
( 19000

( 

temperature 

theoretical 3.168-3.188 3.19-3.202 
denslty (g.cm-3) 

Table 2.1. Physical characteristics of silicon 
nltride 4. 

Idealized SioN layers 

1 

(a) a ASCO 

N Si 
YAe 
680 

(b) pASAB 

~c. 

ADO 

Figure 2.1. Idealized structure of (a) a- Si3N4 ; (b) p- Si3N4 6. 
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closed structure which is twice as long ln the c-dlrectlon as the p 

modification. The 13 structure, wlth the Si6Na unit cell, IS based on that of 

phenacite (Be2Si04) 11 and consists of Si3N4 layers whlch alternate ln the 

sequence ABAB, formlng hexagonal tunnels ln the c-axls direction. These 

tunnels allow for a more open structure than the a modificatIon 

The formation of the a phase IS thought to be assoclated wlth certain 

ceramic reaction routes durlng nltndatlon of silICon 4,12 The phase was 

believed by some 13,14 to be a form of Silicon oxynltnde havtng the formula 

Si23N300. This IS a defect structure ln whlch one in thirty nttrogen atoms are 

replaced by oxygen. However, thls hypothesis was shown to be incorrect 15· 

17 since a and 13 powders have been produced whlch do not conta," any 

oxygen. In thls case the a structure conslsts of only Si and N atoms. However, 

exact chemistry of the a phase still has not been uneqUivocally establlshed. 

The thermodynamlc relationshlp between a and 13 structures IS also 

uncertaln. The two polymorphs of a and 13 were orrglnally thought to be low 

and high temperature modifICations 18, respectlvely; however, both can be 

synthesized concurrently over a wide temperature range 19 It has been 

suggested that the a to .p transformatIon proceeds dunng the denSification 

of Si3N4 ln the presence of a IIquld phase, I.e the 13 structure IS more stable at 

temperatures greater than 150QO( 19. ThIS conversIon process WIll be 

discussed ln a subsequent section. It has also been suggested 15 that the p 

phase could revert back ta a, but th,s has never been observed, perhaps due 

to the slugglshness ofthe reverse transformatIon. 
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22 DENSIFICATION METHODS 

Several proeessmg techniques 4 eXlst for the production of SI3N4 

components, these are summanzed ln Table 2 2 The choree of route 

depends upon the propertles reqUired ln the dense silicon nltrlde 

component Of the methods outlmed, only three produce hlgh denslty 

ceram/cs, 1 e >97% dense, whlCh are of mterest on a technologlcal seale, 

namely (1) hot pressing, (2) hot Isostatlc pressing (HIP), and (3) slntering 

Advantages and dlsadvantages of each route will be dlscussed ln the 

followlng sections 

2 2 1 Hot Pressing 

Typ/cal processmg conditions for hot pressing of S/3N4 are glven ln Table 

2 2 Hot pressing, or pressure slntenng, IS analogous to slntenng except that 

hlgh pressures and temperatures are applled simultaneously The applled 

pressure, typlcally on the order of 30 MPa, accelerates the klnetlCs of 

densification at the slnterlng temperature by Increaslng the contact pressure 

between part/eles and rearrangmg the part/cles to Improve packlng. 

Advantages of thls process mclude 15,20,21. (a) a reduetlon ln the smtenng 

tlme and thE' temperature, whlch mlnlmlzes grain growth, (b) a smaller 

amount of slntenng alds, (c) a mlnlm/zat/on of po rosit y by the removal of 

large pores, whlch leads to an Improvement ln mechanlcal propertles, (d) 

ultra-fine startlng powders are not reqUired, and (e) suppressIon of the 

decomposltlon of SI3N4 

Dlsadvantages brought on by aXial application of pressure Include 4 (a) 

preferred Orientation, or textunng, of the ~ crystals allgned perpendlcular to 

the hot-pressing direction, leadlng to anisotropie mechanlcal propertles 1 (b) 

shnnkage due to densification 15 h/gh, ln the arder of 30% 21, and (c) 

expenslve process due to the short Iifetime of the dies and the dlfflculty ln 
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Table 2 2 

Startlng 
matenals 

Processmg 
steps 

Final 
Product 

St;nnkage (~i) 
Post machlnlng 
Final poroslty (~,,) 
Flexural 
strength (MNm 1) 

Reactlon-bondlng 
RBSN 

SI-powder 

Mouldmg 

Nltndatlon 
~ 1420'( 
~ 72 h 

Final part 

o 
None 
~> 20 
-300 
RT -1400·( 

Hot-pressing 
HPSN 

Sl3N4-powder 
... additives 

Hot-preSSing 
~ 1700'( 
~05h 
-30MNm-2 

Machlnln9 of 
the final part 

-30 
Intensive 
-0 
~700 
RT -1000·C 

Slntenng 
SSN 

Sl3N4-powder 
... additives 

Mouldmg 

r HIP 

~mtenng 
,:;. 1750'( 
-? 1 h 
PN2~0 1MPa 

HIP 3 

Fonal part 

-1S 
low 
<3 
~: 700 
RT -1000'C 

Smtermg 
SRBSN 

SI-powder 
... additives 

Mouldm9 

Nltndatlon 
::, 1420'( 
~nh 

f- HIP 2 

5mtenng 
:; 1750·( 
21h 
PN2 ~ 0 1MPa 

r- HIP 4 

Fonal part 

-5 
low 
<5 
S 700 
RT -1000'( 

Hot-Isostatlc 
Pressing 

SI)N4 (powder 
... additive) 
compacts HIPSN 

2 

RBSN-parts wlth 
additives 
(HIPRBSN) 

3 

Pre-smtered 
SI3N4 parts 
(HIPSSN) 

4 

Post sintered 
RBSN 
(HIPSRBSN) 

-15 
lOIN 
-0 
_' 700 
RT -1000'( 
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makmg the process automated to achleve hlgh-speed production. However, 

the most Important limitation, by far, IS shape complexlty slnce fabncatlon IS 

Ilmlted to simple geometnes wlth one aXIs of symmetry requmng subsequent 

d lamond-machln mg 

2 2 2 Hot Isostatlc Pressing 

Hot Isostatlc Pressmg (HIP), ongmally developed for the processing ot 

metals and composites, has also been used to improve the mechanlCal 

propertles of ceramlcs The process Involve$ the simuitaneous application of 

h.gh pressures and hlgh temperatures (up to 2000 0 ()22 to consolldate a 

compact or to remove resld ual poroslty from pre-smtered mater/ais TYPlCal 

pressures are around 300 MPa 4, more than one order of magnItude hlgher 

than m unlaxlal hot pressing, via a gas (Ar, He) 

The resultmg ceramlc shows enhanced propertles 4,22. (a) a resultmg near 

net-shape body of IsotroplC propertles due to application of unlform 

pressure, (b) smaller amount of slnterlng alds are requlred due to enhanced 

densification at these hlgh pressures, and (c) a more unlform and fine 

gramed mICrostructure Ali of these charactenstlcs combmed result ln an 

Improvement ln hlgh-temperature propertles and an Increase ln rellabdlty 

Desplte ail the advantages of HIPplng, the method 15 st"l ln the 

developmental stage, the major limitation of the process belng extremely 

hlgh cost 

2 2 3 5lntenng of Silicon Nltnde 

Pressureless slntenng of SI3N4 IS accompllshed by IiqUid phase sintenng 

through the addition of Ilquld-formmg speCles, and relies entlrely on the 

eXlstlng free surface energy of the pOv',lder, ln conJunctlon with the liqUid 

phase, as the dnvlng force for densifICation, I.e. no pressure ;5 applled to 

drive the reactlon as IS the case ln hot pressmg. As a result, more stnngent 
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1 requirements must be met in the process 4,23 (Table 2.2): (1) a finer starting 

powder is necessary to reduce the diffusion distances between particfes; and 

(2) the partial pressure of the gases above the sintering bed must be 

controlled te avoid decompositlon of S13N4. The second requlrement 15 

fulfilled through the use of a powder bed made up of silicon nltnde (ta 

suppress decomposition and vaporizatlon of the constituents by creation of a 

gas equdibrium ln the Immediate surroundings) and baron nltnde whlch 

reduces fritting of Si3N4. 

One main advantage of pressureless smtering IS that there is no shape 

limitation. Intricate component parts can thus be green formed and sintered 

to near net shape. However, even by this densification method, a final 

machining step may still be required. The linear shnnkage assoCiated wlth 

pressureless sintering is very high, typically in the arder of 15-25% 23. 

2.3 L1QUID PHASE SINTERING 

Liquid phase sintering 15 the densification of a solid ln the presence of a 

liquid phase. In order for complete densification to occur, three 

requirements must be met: 

(1) an appreciable amount of IiqUid must be present 

(2) a significant solubility ofthe soltd ln the Ilq Ufd 

(3) complete wettlng of the solid by the IlqUid. 

2.3.1 The Dnving Force for Sintering 

The drivrng force for the densification process is best explamed m terms of 

the surface energies (y) associated with the system. For wettlng of the solid 

and complete penetration of the liqUid between the grams, the followmg 

relationship must hold 24: 
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'- (2.2) 

where the subscnpts refer to solld (5), IlqUid (L), and vapour (V) phases. The 

solld-vapour Interface (ysv) can be Ignored Slnce It IS assumed that the liqUid 

completely wets the sO/ld If thls were not the case, then the sa/Id partie/es 

would be Jotned at the contact pOints and matenal transfer wlthln the solld 

would not result ln densification. 

As the packlng efflclency of a solid IS at best 74% (I.e. a close-packed 

arrangement of mono-slzed spheres), a certain amount of resldual poroSlty 

will always eXlst, formmg a solld-vapour Interface 25, as dlustrated ln Figure 

2 2 DUring the slntenng stage the tendency IS to ellmmate these pores; 

con~equently the hlgh surface energy, YlV ' IS the dnvlng force for 

densification 

The negatlvE' pressure ln each pore (Po) IS given by the relatlon 24 : 

-2YLV 
P =-

(j r 
p 

(2.3) 

where rp IS the pore radIus There is an equal and opposite pressure exerted 

by the small radll of curvature ln capillary depresslons at the surface Since 

the distance separatlng these captllary depresslons between the the solld 

partlcles and the pores IS small (0 1-1Ilm), these pressures act as the dnvlng 

force for densificatIon, 1 e the deslre IS to ellmlnate the pores Inltlally, these 

pressures tend ta rearrange the partlcles to maxlm/ze packmg Through thls 

rearranqement, the solld partlcles become lomed, although separated by a 

thln Ilquld film, (Figure 2 3) These bridges that are formed carry most of the 

compres~lve stress at the contact pOints. It IS the capillary pressure of the 

Ilquld, P, whlch holds these spheres together, the pressure glven by: 
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Spherical particles held together by liquid capillary 
p ressu re 24. 
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-YLV 
p= -

r 
(2.4) 

where r IS the radius of the pore. The solid partldes do not come into contact 

wlth each other but, rather, remam separated by 5-40 nm due to the 

repulslve forces between them. The Ilquld film also acts as a bmder between 

the partlcles 

The capdlary pressure, whlCh can be substantlal (as hlg h as 12 M Pa for silicate 

systems 26) IS also equlll brated by the compressive forces at the contact area. 

ThiS pressure results ln an Increase ln solld phase actlvlty, a, at the contact 

pomts, glven by the relatlonshlp: 

a K2yLV Va 
ln - = 

a rRT 
(2.5) 

() p 

where the constant K relates the maximum contact area pressure ta the 

overall hydrostatlc pressure; Va IS the volume of the solld and Ilquld phases, R 

IS the gas constant, and T the temperature ThiS Increase ln actlvlty at the 

contact pomts acts as the dnvrng force for materral transfer and results ln the 

partlcle centers movlng closer together. ThiS, rn turn, mcreases the denslty 

Thus, It IS the tendency to reduce the surface area of the pores ln the 

liquld phase that provldes the drrvlng force for srntenng 

2.32 The Srnterrng Pro cess 

Llquld phase srnterrng IS the prrmary mechanlsm of densification for most 

alumrno-slllCates Complete and rapld srnterrng of these systems will result If 

the Ilquld phase fulfills the requlrements mentlaned m the prevlous section, 

I.e. enough Irquld present to campletely wet the solld, and solubliity of the 

salld ln the Ilquld Klngery24 proposed a Simple model for the denSification 

mechan Ism, Illustrated 1 n Figure 2 427 
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1 The process can be divided mto three steps: 

(i) partlcle rearrangement, 

(ii) solution-dlffuslon-preclpltation, and 

(iil) coalescence 

2.3.2. 1 Parttcle Rearrangement 

The start of liqUid phase smtering is marked by a rapid increase in the 

shnnkage rate of the matenal. This shrmkage IS assoclated wlth the 

formation of a IlqUid phase which coats the solld partlcles, thus facllitating 

the siiding of partlcles over one another. The extent of rearrangement of the 

particles depends on three factors: 

(1) the volume of the Ilquld phase, i.e. whether enough liquid IS available to 

completely wet the particles and flll the interstices between the particles; 

(2) the viscosity of the liquid at the smtering temperature, i.e. whether the 

viscoslty IS low enough to allow the siiding of the solid partlcles over one 

another; and 

(3) the size and shape of the particles in the liquid phase in order to maximize 

partlcle/partlcle i mpingement. 

If the IlqUid completely wets the solid, each mterparticle space becomes a 

capdlary ln whlch substantlal capillary pressure is developed. For sub-mlcron 

particle Sizes, captllanes wlth diameters in the range of 0.1 to 1 pm develop 

pressures ln the range of 1-12 MPa for silicate systems 26. Hence, the smaller 

the partlcles. the greater the pressure whlch, in turn, leads to a more rapld 

denSification of the matenal. ThiS, combtned wlth creep processes (see 

above), leads to rapid densification in this stage 

The fractlonal shrinkage m the rearrangement process 15 given by: 
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M. 1 ~V 1+ 
-= - - =ct y 
L 3 V (2.6) 

o 0 

where c is a constant, t the slntering tln~e, and y :;? 1. The rate of 

densification corresponds approxlmately to VISCOUS flow or creep of the 

particle in the liquid phase and therefore depends on the volume fraction of 

the liqUid phase present. The less VISCOUS the IlqUid and the more IIqUid 

avallable, the faster the densification becomes. 

Complete densification dunng the rearrangement process IS possible If 

the volume of the Ilquid content IS sufficient (>35%) to flll a" of the 

interstices. 

2.3.2.2 Solution-Diffusion-PrecipitatIOn 

At the end of the rearrangement process, the densely packed solid 

particles are in close contact wlth one another and are separated by a thm 

film of liqUid. Matenal transfer away from the contact pomts occurs due to 

the capillary pressures which force the partie/es together and enhance 

dissolution. This leads to a decrease in the center-to-center distances 

between the particles and therefore results ln denSificatIOn 

The shape of the solid partlcles, 1 e. whether they are sphencal or 

prismatic, will determine the rate of densificatIon at thls stage 24,27 A 

schematlc of the solution-precipItation stage IS glven ln FIgure 2 5(a) For 

spherical particles ln contact, matenal transfer can be controlled by elther (a) 

the diffUSion of dissolved partlcles away from the contact pOints, or (b) by 

the solution of partlcles in the IJquid, belng a phase boundary reactlon. The 

shrinkage, in the case of diffusion controlled densification, IS glven by' 

- 15 -



Figure 2.5. 

(al 

(bl 

(cl 

Ideal 

Complete 
Denslflutlon 

Partial 
Transformation 

Incomplete 
Densification 

Full 
Transformation 

Solution Control, 
eg MgO 

DiffUSion Control, 
e g. Y203 

Physical representation of liquid p"ase densification and 
transformation according to Kingery's stage Oi) solution
precipitation model 27 . 

-16-



(2 7) 

where 815 the film thlckness between the partlcles, k 1 and k2 are constants (0-

'), Va is the molar volume of the startmg powder, CO IS the sol ubdlty of the 

particles m the IJqUld, D IS the diffusion coefficient ln the IIquld phase, and r 

IS the initiai partlcle slze. The shnnkage due to thls process IS proportlonal to 

the one-thlrd powder of tlme and Inversely proportlonal to the four-thlrds 

power of the initiai partlcle size. 

If the rate controllmg step 15 the phase boundary reactlon leadlng to 

solution, the smtenng equation becomes. 

(2 8) 

where the tlme exponent IS Irlcreased to 1/2 from 1/3 The denSifIcation rate 

is also slower for solutlon-contro"ed densification 

For pnsmatic partlcles, slmllar equatlons for densification apply 

However, the aClcular grains are onented ln a random fashlon, leadmg to a 

more complex geometnc relatronshrp than 15 the case for spheroldal gratns ln 

contact. In the case of a dlffuslon-controlled process (Fig 2 5(b)) 

ôV 1/5 
-'Xl 

(2 9) 
3V 

() 

while if the rate controllmg step IS a sol utlon process (Fig. 2 S(c)), then 

ô V 113 -oct 
3V 

(2 10) 
o 
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1 2.3.2.3 (oale<;cence 

The coalescence process results ln the elimmatlon of closed pores. These 

Internai pores are due to the Incomplete wettmg of a certam number of 

grams whlch are onented such that the grain boundary energy (Yss) IS smaller 

than tWlce the solld-Ilquld mterface energy (YsL) (see Equation 2 2). In order 

for densification to take place, matenôl transfer wlthm the solld phase must 

occur. Thus, the densification rate at thls stage IS greatly reduced due to the 

low surface energy assoCiated wlth y 55 

23.2.4 Effect of other Parameters on DensificatIOn 

The inItiai partlcle slze IS Important ln ail slntenng processes as smaller 

partie/es lead to hlgher cap"lary pressures, and thus more rapld shnnkage 

However, for reactlve Ilquld phase slnterrng, the growth of solld partlcles 

only has a small effect on the rate of densIfIcatIon. ThIs IS because the mam 

dnvmg force for the process IS the decreased Ilquld vapo': surface area (Y
LV

), 

the controlling parameter, then, IS the size of the pores m the Ilquld 

phase 24 ,26 That 15, a decrease ln the surface area of pores m the Ilquld phase 

results ln a major decreast"l ln the free energy, thereby provldlng the drlvmg 

force for slntenng Secondly, the temperature dependence, whlch 15 a result 

of the diffusIOn coefficient ln the Ilquld phase, IS much lowe~ than for other 

slntermg processes as the diffusion coefficient does not change marked Iy 

wlth temperature 

ln summary, for complete denSification, the followlng criteria must be 

met. 

ultra-fine startmg powders must be used to decrease the diffusion 

distances between partlcles and increase the thermodynamic drlvmg 

force 
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(Ii) a hrgh smterrng temperature 15 requrred to increase diffusion rates and 

lower the IrqUid VISCOSlty 

(Iii) equtlibrrum between the partial pressure of the reactants must eXlst to 

avold diSSOciation of the starttng materral 

(iv) an external pressure, ln addition to the effective pressure derrved from 

caplllary forces, can be used to Jncrease the drrvrng force for srnterrng, 

e.g hot pressrng or hot Isostatlc pressrng 

233 Llquld Phase Srntennq of SI3N4 and Siaions 

DenSifIcation of SI3N4 cont3tnrng an addItive IS generally attnbuted to the 

presence of a Ilquid formed at hlgh temperatures accordrng to the general 

reaction 28: 

Si 3N.+ St02+ metaloxlde + lmpurllœs ----+ Sl"N.t+oxyrll{rule llqulli 
.. r~mp .) (2 11) 

5102 is included ln the reaction as It IS Invarrably present on the surface of 

SI3N4 powder 

The slnterrng stages for SI3N4 27are rllustrated rn Figure 2 6 ln the case of 

:;interrng of SI3N4 ceramlcs,the mechanlsm of dIssolutIon Involves the 

breakrng of SI-N bonds, where the additives provlde a Ilquld medium whlch 

dissolves the a-S'3N4. The materral 15 then transferred away from the contact 

areas, resultlng ln a movement of the partlcle centers towards each other, 

and hence leads ta shrrnkage The diffUSion of the dlssolved SI and N ln the 

silicate or oxynltrrde Irqurd IS mu eh greater than the self-diffUSion ln S'3N4, 

this therefore leads ta an Increase tn the densifIcation rate 

As the srnterrng temperature IS ralsed above 1400°(, the a phase becomes 

unsta ble a nd th us preel p Itatlo n of th e more sta ble (3 phase oceu rs 

PreCipitation of P-Si3N4 occurs at preferred sites or on pre-exlstmg (~-SI3N4 
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particles in the startlng materiaJ 4 (Figure 2.7). It has been found 29 that 

starting powders containlng >95% a are required to Induce the self

precipitation of the p phase. The reason for thls IS the Instabdlty of a wlth 

respect to {3, whlCh causes enhanced solution of a Into the "quld phase. If the 

starting matenal contains a large number of ~ grains, the fine partlc\es start 

to dissolve and re-preclpltate on pre-exlstmg 13 grains. If, on the other hand, 

the initiaI {3 content IS small, then spontaneous nuc\eatlon and growth of rod

like ~ grains will occur This second case 15 the more deslrable, as the 

resulting grain size IS more uniform. The effect of gram morphology on 

mechanlcal properties will be revlewed ln a later section 

The rate of shrinkage ln the transformation stage IS glven by: 

f:lL 1 Cl V Un 
- = -- =(At) 
L 3 V 

(2.12) 

a a 

where A is a constant, and n determlnes the rate-controlling step (see Figure 

2.6). If the process depends upon solution of a-Si3N4 lOto or precipitation of 

{3-Si3N4 from the liquid, then n = 3 (phase boundary reactlon). If, on the other 

hand, diffusion through the IiqUid controls the rate of denSification, then 

n = 5. The rate-controlling step therefore determmes the rate of shnnkage' 

densification occurs more rapidly If the rate-determming step 15 dependent 

upon preCIpitation of ~-Si3N4, and It can thus be controlled by the startlng 

materials used, i.e. high a content. 

Hampshire and Jack 27 dld a comparative study of the denSification rates 

using MgO and Y203 as sintermg aids (Figure 2 8) They found that wlth 

magnesia, rapid densification occurred durmg the rearrangement stage; 

while during the solution-preCipitation stage,they showed that n = 3, 

suggesting that the process is reaction-controlled (Fig. 2.5(b)) With yttrra, on 
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l the other hand, the rearrangement process dld not contnbute slgnlficantly 

to densification Rather, dunng the solution-diffusion -preCipitation stage, 

diffusion through the Ilquld was the rate controlling step (Fig 2.5(c)) The 

dlfference between these two slntenng alds IS a result of the sm111er Ilquld 

volume and hlgher IlqUid VISCOSlty of Y203 over MgO 

The densificatIon rate Increases rapldly durrng thls stage to near 

completlon wlth the transformation of a to ~·SI3N4, as thls conversion IS 

thermodynamlcally favourable at temperatures greater than 14000
( There 

IS, however, an upper Ilmlt to thls transformation 'Jue ta partlcle 

Impmgement of the P-SI3N4 grarns as full conversion IS approaLhed 

The final stage of densifIcatIon IS the coalescence process, durrng whlch 

the ellmlnatlon of closed poroslty occurs. Grarn growth of the 13 phase also 

proceeds, wlth a resultrng morphologlL.)1 change from rod-Ilke structures to 

more eqUlaxed grarns Due to thls change m gram shape, excessive gram 

growth IS accompanled by a marked decrease ln strength (see later) 

Furthermore, If the startl ng matenal con tarn ed a h 19 hp-content, then 

preCipItatIOn of the p phase onto these original grains will result ln 

Inhomogeneous gram slze. That IS, the 13 grains whlch were present ln the 

startmg materlal will have grown to a far greater extent than those whlch 

were preclpltated from solution ThiS leads to a deterroratlon ln the 

mechanlcal propertles 

Once the srnterrng stage has been completed, and the system returns to 

amblent temperatures, the oxynltnde Ilquids cool to form an amorphous or 

partly crystal/me phase along the gram boundanes and at triple pOints of the 

P-SI3N4 grarns (as shown ln Figure 27) This glassy grain boundary phase 

softens at hlgh temperatures and IS responslble for the deterloratlon of 

mechanlcal propertles (see Section 2 6) 

- 24-



2.4 THE ROLE OF SINTERING AlOS 

Densification of Si3N4 without any additive has been achieved by hot 

isostatic pressing (HIP). Prochazka and Rocco 30 were the flrst to ach leve 

densities of 95% theoretical by hot pressing slilcon-nch (-8%) powders at 

5GPa and 1500-16000
( for 20 minutes. Yamada et al. 31 obtalned near full 

, 

densities by hot pressing highly pure powders at 16000
( for 1 hour 

Miyamoto et al. 32 obtained densitles greater than 99% by the glass 

container and HIPing method at 150MPa and 1900-20000
( for 2 hours 

However, in ail cases, the mechanlcal properties of the smtp.red 511 icon nltnde 

were inferior to those achleved by other slntering methods due to the 

euhedral morphology of the p grains. 

Depending on the purity of the starting material, sorne sillca is always 

present on the surface of Si3N4 powder, whlch reacts with the silicon nitride 

ta form an oxynitride 33 accordlng to: 

(2.13) 

This oxynitride phase was also observed in some HIPped samples reported by 

Miyamoto et al.32 

Through the use of sÎntering aids, however, full densification and 

improved mechanical properties can be achieved The functlon of an 

additive is to provide conditions for liquid phase smtenng, je. solubllity of 

the solid in the liquid and complete wetting of the solld. ThiS IS due ta the 

increase in diffusion coefficients of the Ions ln th,~ ilquld phase The rate and 

temperature at whlCh densification occurs depends malnly on (a) the amount 

and (b) type of additive. 
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2.4.1 Effect on Densification 

The effect of liquid volume on densification is illustrated in Figure 2.9 34. It 

is seen that the rncremental addition of MgO results in an increasing 

densification rate since the particles can rearrange themselves with more 

ease when more liquld is present. In general, increasrng the amount of liquid 

phase by the addItion of more sintering alds enhances densifICation. The 

liquld phase coats the silicon nitride grarns and remarns along the grain 

boundaries. Wh en the volume fraction of the IrqUfd phase is rncreased, for 

example from 2 ta 10%, the thickness of the liquid layer between the P-Si3N4 

grain boundarles remalns constant, -1-2nm; the excess liquid is 

accommodated at triple points between the I3-Si3N4 grains to form pockets of 

glass 35. ThiS volume rncrease of the grain boundary phase leads to a 

deterioration of mechanical properties especially at hlgh temperatures, as 

wIll be seen ln a later section of thls chapter. 

2.4.2 Types of Additives 

Sintering aids are most commonly metal oxides and oxide mixtures which 

either: 

(a) form solid solutions wlth Si3N4, such as BeO, and an equimolar 

mixture of AI203 + AIN; or 

(b) do not form solid solutions with Si3N4, such as MgO, Y203, A1203, and 

Zr02 

The mechanlsm for both of these types of sintering aids IS the same: the 

additive reacts wlth the Si02 layer and impurities on the particle surfaces of 

a-Si3N4 to form a eutect/c I/qu/d at temperatures between BOQO( and 

1700°(, depending on the ox/de. Upon cooling, this liquld forms an 

amorphous or partly crysta/line gram boundary phase. The sintering stage 

can be summanzed by the following reaction 2; 
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St N .. addltwe + StG? + ÜmpUrltie.9) > P Sl3N4+ liquld 
:3 " ~ 1700- 2O()(J'C 

[3Si
3
N

4
+ ltqUld ~ PSt N

4 
+ secondphase(s) 

. coolwg:r . 
(2.14) 

Impurrtles, partlcularly alkall (Na, K, Ca, Fe), and alkali-earth oXldes tend to 

mlgrate to the glassy grain boundary phase This results ln a further 

lowerlng of the glass VISCOSlty, and leads to a decrease ln strength and creep 

resistance of the final produtt 36 (refer to Section 2.6 on Mechanical 

Propertles) 

The rate of densification will therefore be dependent on the type of 

slntenng ald, as the latter will dlCtate the degree of wettlng and the vlscoslty 

of the "quld. 

2 4.2. 1 The Sia/on System 

The acronym "Slalon 1/ was orrglnally glven to a group of new compounds 

denved from silicon nltnde and oxynltnde by the simuitaneous replacement 

of silicon and nltrogen by alumlnum and oxygen 37 The ablilty of SI3N4 ta 

undergo thls substitution can be explarned ln terms of the similar bond 

lengths between SI-N (1 75Â) and AI-O (1 75À), and the dlfference between 

AI-N (1 87À) and 5,-0 (1 62À) 14 The extent of solld solutions are dlustrated 

ln the respective equlvalence dlagram ln Figure 2 10, whlch is an Ideallzed 

behavlour dlagram for the SI-A!-O-N system at 1700°C 38 The ~'-Slalon phase 

IS the most Important solld solution phase wlthtn the system It extends 

along a constant M/X ratio of 3.4, wlth a homogenelty range of 

SI6-zAlzOzNa-z, where z reaches a maximum value of 4.2. Because of It5 

structure, the physlcal and mechan lCal propertles of the W are simllar to 

- 28 -



~(3AS~ AIN) 

Figure 2.10. Phase relationship of Si3N4-AI20)-Si02-AIN at 17000
( 14. 
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those of P-SI3N4, but chemlcally It IS doser to alumrnum oXlde (AI203). The 

overall effect of tt-i!S su bstltutlon IS a decrease ln thermal cond UCtlVlty, whlch 

tends ta lower the thermal shock reslstance 39 Figure 2 11 Illustrates the 

effect of subStlh.!tIOr, of SI3N4 on thermal expansion the Irnear coefficient 

of thermal expansion of the resultrng siaion wlth z = 3 (2 7x 1 0-6°(-1) IS less 

than that of pu re {3-S13N4 (3 5x 1 0-6°(-1) 40 Also, as the extent of substitution 

mcreases, so does the hexagonal unit cell dimension 40, as shawn ln Figure 

2.12 

Thompson 41 was the frrst ta charactenze the solld solution compounds of 

8H, 15R, 12H, 21 Rand 27R, as compositlonal polytypes of the AIN structure 

Each polytYPold IS formed by a dlfferent repetltlve stacklng of slmriar 

structurallayers, wlth a constant Mf)( ratio of 3.4 Other phases shawn ln the 

behavlour dlagram rn Figure 2 10 are the 0' phase, whlch is based on the 

Sl2N20-type structure, and the X-phase, of composition close ta 

3AI203 2S13N4 

Figure 2 13 IIlustrates the extent of the Ilquld phase field ln the S,-AI-O-N 

system at 1750°(, a typlcal srnterrng temperature 38 It IS c1ear from thls that 

the oxynltnde glass IS rn equllibnum wlth W, wlth no eutectlcs reported ta 

date 15 Upon rapld coolrng, thls Ilquld will form an oxynltrrde glass 42; 

however, thls glass IS unstable and requlres a Ilquld quench at greater than 

SOO"(mm- 1 ta obtaln a completely vltreous product 43 Thus, ach levlng a 

single crystallme phase sy~tem IS at best dlfflcult wlthln the S,AION system 

due ta the Instabrllty of the glass However, the addition of metal oXldes 

(MgO, y 203) ta the system leads ta a more extensive and stable glass-formlng 

reglon, as will be dlscussed rn the next section 
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Figure 2.13. Phase relationships at 17SQO( indicating extent of 
liquid field in Si02 end of diagram 38. 
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2.4.2.2 Sintertng wlth Oxide Additives 

Sintering aids which do not form solid solutions with Si3N4 are used 

mainly to provide conditions for liquld phase slnterlng by reducmg the 

viscoslty of the glass. Magnesium oXlde, the flrst wldely used additive, has 

been shown to react wlth the surface layer of s.llca to form an oxymtnde 

liquid 44. ImpuntlEs m the silicon nltride further reduce the solldus 

temperature of MgO-SI02 from 154JD( to 1450-15000
( 45 

The high temperature stre:1gth loss exhlblted by MgO-doped SI3N4 IS 

attributed to the low softenlng temperature of the glass phase (850°(-

9000 e). Richerson 46 has suggested two approaches to Improve the h Ig h 

temperature propertles of silicon nltnde. The flrst was to reduce the alkali 

impurities contents in the startlng matenals and mmlmlze the amount of 

additive. The second was to use a slntermg ald whlch formed a more 

refractory mtergranular phase. 

Gazza 47 showed that the addition of Y203 to relatlvely Impure a-sIlicon 

nitride results ln a refractory yttrium silicate gram boundary phase, stable to 

at least 1600°(; the mechanlcal propertles were also greatly Improved 

The mechanlsm for slntenng wlth Y203 IS slmllar to the others 

revlewed (see Eq. 2.14) ln that the surface slilca and some of the nltnde react 

to give an oxynltnde IlqUid As the reactlon proceeds, thls IlqUid combInes 

with more Si3N4 to glve one or more refractory bondlng phases ln whlch are 

accommodated Impuntles that would otherwlse degrade propertles33 The 

unreacted IiqUid cools to glve a glass and/or crystallme phases DensificatIOn 

of Si3N4 with Y2û3, however, is slower than wlth MgO smce the rate 

determinmg step IS Solution-precipitation controlled rather than dIffusIOn 

controlled (see Fig. 2.5) The Y203-SI02 solldus IS between 16600
( and 19800

( 

48, as seen on the phase dlagram ln Figure 2 14 ln addition, the VISCOSlty of 
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the Y203-Si02 liquid formed is higher and forms less liqUid at lower 

temperatures than MgO-Si02. 

Subsolldus phase relations ln the Y-Si-Q-N system are shown ln Figure 

2.15. Work at Newcastle 38 charactenzed the four quaternary phases that are 

possible in the system: N-melilite (Y203.S13N4), N-apatlte (Y 9516021 N3), N~ 

YAM (2Y203.Si2N20) and N-a-wollastonite (Y203.S12N20). Table 2.3 glves the 

melting points of the quaternary phases. 

Ali of these phases are stable to at least 1600°(, wlth the exception of N

a-wollastonlte, which decomposes above -14000
( to give mainly Y-phase and 

melilite, Y 1o(Si04)6N2 and Y2Si303N4, respectlvely 41. However, the phases 

present wlthin this system undergo large molar volume changes m an 

oxidizing enVlronment, whlch results in catastrophic strength degradatlon at 

elevated temperatures 28. Thus, the presence of these four quaternary 

phases is undesirable. 

If the system is fabricated wlthin the Si3N4-S/2N20-Y1Si07 compatlbll/ty 

triangle (shaded area in FIgure 2.15), the oxynltride phases descnbed above 

can be avoided. The resultlng silicate compounds ( Y203 5102, 2Y203 35i02, 

Y203.2SiOl ) show improved oXldatio:1 reslstance and excellent refractory 

characteristlcs (refer to Table 2.3 for melting points). Moreover, the hlghest 

yttrium silicate, Y2Si207, shows compat,brlity with S102, and /s therefore a 

stable phase. The major drawback of this dlslllcate, however, IS the large 

volume difference between Y251207 and the yttrium silicate glass fram whlCh 

it crystallizes. This volume change, whlCh accompanles crystaillzatlon, 

imposes a high stress on the surroundmg Si3N4 grams, and results m a 

deterioration of the mechanical properties 49. 
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Figure 2.15. Subsolidus phase relationships in Si-Y-O-N system 38. 
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1-

Meltmg 
Phase Formula Temperature 

(OC) 

yttrium silicate Y20 3.Si02 1980 

-
yttrium silicate 2Y203·3Si02 1950 

YAP Y20 3.A1 203 1875 
(meta-stable) 

YAG Y3A1 s0 12 1860 
(garnet) 

yttrium disilicate Y203.2Si02 1775 

N-melilite Y20 3.Si3N4 1600 

N-apatite Y 1O{Si04)6N2 1600 
(H-phase) 

N-YAM y 4A120 9-y 4 S120 7N2 1600 
(J-phase) solid sol ution 

N-wollastonite YSi02N ~400 

(K-phase) 

Table 2.3. Melting temperatures of typical crystal/me phases 
formed. 
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Other rare earth systems additives have been studied, i.e. Ce0233,50, 

Zr0233, Nd20 3 15 and La203 51; however, the resulting hlgh temperature 

propertles were not as Impressive as for Y203. 

Figure 2.16 shows the effect of the different sintenng alds on 

densifICation. Si3N4 wlth no additives shows limited densification pven at 

hlgh tempe ratures, as was discussed ln Section 2.3. In the case of Y 203, the 

lowest meltmg temperature of Y203-S102 IS very high (1660 0 e), thus allowing 

for densification to take place at higher temperatures (If increased N2 

pressure IS used to suppress Si3N4 decomposition). More importantly, less 

IIquid IS formed with the addition of Y203 than wlth MgO. Hence, less grain 

boundary phase IS present, and the high temperature strength and creep 

resistance of the matenal are improved. 

The addition of AI203 to SI3N4 containing Y203 was shown 20,50,52 ta be 

more effective than slmply uSlng Y203 ln assisting the sintering process . 

Rowcllffe and Jorgensen 53 were the first to show that 95% dense slalons 

could be achleved uSlng these additIves. The behaviour diagram for thls 

system 33 at 1700°C IS glven ln Figure 2 17. The tie lines shown run from the 

stable SI3N4 compounds to the oXlde end of the phase dlagram. Of the three 

stable crystalline phases ln the system, Y3AIs012 (YAG) IS the most refractory, 

wlth a meltmg temperature of 1860 De, ln contrast to -170Qoe for (YAM) and 

(YAP). The two latter pha$es, as seen earlier, cannot wlthstand OXldlZlng 

envlronments. However, YAG , wlth a compositIon of Y3A1sO 12, IS an oxide 

phase and would not suffer catastrophic strength degraoatlon due to 

oXldatlon YAG is therefore seen as the most deslrable crystalline grain 

boundary phase ln terms of ItS excellent refractonness as weil as oxidation 

reslstance 
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Also of rnterest 15 the ternary oXlde system 33 shown ln FIgure 2 18 Phasec; 

present are the yttrium silicates, yttrium aluminates and yttnum aiumlllum 

garnet (the most refractory) and were dlscussed ln prevlous systems The 

lowest IlqUid formatIon temperature IS -1400"( The glass formlng reglon 

wlthm the oXlde system will be dlscussed rn a later section (refer to SectIon 

2.5.2.1) 

2.4 3 Non-oxlde Srnterrnq Alds 

Although oXlde addItives are the ones most commonly studled, non-oxlde 

additIves also eXlst whlch do not form a low VISCOSlty grain boundary phase, 

such as ZrN and Mg3N2 Llterature on these slnterrng alds IS very Ilmlted, and 

hence Will not be dlscussed 

2.4.4 General characterrstlCs of Slnterrng Alds 

ln summary, the followlng characterrstJcs of an additIve optlmlze the 

hlgh-temperature propertJes of S13N4. 

(1) hlgh softenlng temperature ofthe addltlve-SI02 composItion 

(ii) minimal amount of the Ilq Uld phase wlth relatlvely low vlscoslty at the 

smtenng temperature 

(11/) good wettabtllty of SI3N4 by the IiqUid phase ta promote Clip 

transformatIon 

(iv) hlgh solubdlty of n1trogen ln the IJqUld phase 

2.5 GRAIN BOUNDARY CONTROL 

The use of oXlde smtenng agents allows for the complete densification of 

Si3N4, as seen ln SectIon 2 4 Durrng stnterrng, these oXldes form a eutectlc 

IlqUid with silIcon nltrlde, whlch allows for the dlssolutlon-transformatlon

preCIpItation of P-S/3N4 to occur Although some Al and 0, If used ln 

smtenng, can be substltuted wlthln the beta lattlce to form a solld solution 
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of pt-SIAION, there will almost always be some IlqUld phase remalnlng whllh 

becomes a glassy gram boundary phase upon coolmg This amorphous 

constituent will resu It rn a deg radatlon m the mechan 1 ca 1 propertll''>, 

especlally at elevated temperatures 54 

Two methods of Improvrng the mechanlcal propertles eXlst, namely by 

Ilmltrng the amount of resldual glassy phase through composltlonal control 

and/or crystalllzrng the glass to form a crystaillne gram boundary phase 

Several approaches to these methods have been consldered 

1. Translent Ilquld phase slnterrng, where the constltuents of the glass .)rc 

absorbed rnto the ~-SI3N4 lattlce by solld solution 55 

2 Mrnlmlzrng the amount of additives used rn srnterrng by gas pressure 

srntenng, hot pressing or hot Isostatlc pressmg 56,57 

3 Crystaillzation of the glass phase by post-smterrng annealrng treatmerlts 

rn air 58 or rn an mert 48 atmosphere 

The flrst two methods rnvolve composltlonal control of the startlr1g 

matenal only The latter technique rnvolves a combrnatlon of the two 

approaches 

Post-srnterrng techniques rn air Involve the oXldatlon of the resldual gla,>"y 

phase to form elther dlsllicates or aluminates Nalk & Tien 59 showed that, of 

ail the avallable yttrrum-contamlng phases, W-Slalon was only ln equlllbriurn 

wlth Y2S'207 and Y3AI5012 (YAG) Lange et al 58 and Tsuge et al 60 showc·cJ 

that heat treatment of 513N4 materrals ln an oXldlzlng envlronment aft('r 

srnterrng can lead to Improved thermomechanlcal propertles Both groups 

found that the phases formed depended upon the heat treatment schedulc, 

1 e temperature, tlme and coolrng rate (as weil as startlng composition) The 

optimum composition for crystaillzed phases Ile wlthrn the SI3N4-512NlO

Y2S1207 compatlbrllty trrangle (Figure 2 15), as these phases glve a polyphë::sf! 
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matenal wlth good oXldatlon resistance and good mechanical properties. 

However, thls method of achlevmg crystalline grain boundary phases results 

m substantlal gradients m composition and phase content between the 

Immediate surface and the bulk of the matenal since the oxide scale tends to 

concentrate the Impunty elements, as weil as Y and AI cations. Hence, the 

mechanlcal propertles of the heat treated material are detrimentally 

affected as the Impuntles not only act as mcluslons but also lower the 

viscoslty of the glass further 36,46. 

Most recent research 62-65 has concentrated on the formation of YAG 

over Its dlsllicate counterpart as It reqUires the use of less Y203 additive, and 

15 more refractory As thls crysta Il me phase IS an oxide, it also shows excellent 

oxidatlon resI5tance and, ln turn, leads to a siaion exhlblting apparently 

supenor hlgh temperature properties to the as-sintered counterpart. 

2.5.1 Heat Treatment of Siaions 

The hlgh temperalure propertles of silicon nltnde ceramics can be 

Improved by the crystallization of the glassy mtergranular phases. The 

resultlng gram boundary would typlcally be more refractory (Tm = 1860°C) m 

nature than It5 glass counterpart wlth a glass transition temperature {Tg} of 

900-1000"(, thus belng able to wlthstand hlgher temperatures before the 

mechanlCal propertles begln to detenorate. As ail glasses are metastable 

wlth respect to thelr crystallme products, through proper composltlonal 

control of the SI ntenng a,ds, devltnficatlon of a Y -Slalon glass to Y3AIs012 

can be achleved. 

2.5.1 1 Theory of Glass Formation 

By deflnltlon, a glass IS an Inoryanic product of fusion which has cooled to 

a rrgld condition wlthout crystallizing 66. Furthermore, the long-range arder 
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in the atomlc arrangement of the amorphous substance does not eXlst over 

distances greater than 10 nm 67 

If a pure substance IS melted and cooled, a deflnlte freezlng pornt 15 

observed at whlch SOlldlflCatlon occurs, wlth the formation of crystals It IS 

sometlmes possIble to cool the Ilquld below Its freezlng pomt wlthout any 

crystal formation, thls process IS known as super-coolmg The supercooled 

liquld 15 ln a metastable state since It has a hlgher free energy than the 

correspondrng crystal, but ItS structure has a lower free energy than any 

immedlate nelghbourrng structure 

Throughout the supercoolrng of the l,qUld, there IS no volume change 

assoCfated wlth It, unllke the accompanylng volume change upon 

crystaillzation Rather, the viscosity of the melt mcrease5 wlth decreasmg 

temperatures, and reaches a value so hlgh that the Ilquld approaches a rrgld 

solld state. Wlth the Increaslng viscosity of the glass, structural 

rearrangement becomes less feaslble The resultmg structure of the glass 15 

"open" , allowlng for tnterstltlal accommodation of Ions such as Na • , LI + , 

Mg2 +, etc 

The formation of a glass depends on several factors 67 rncludmg structural 

and chemlcal conSiderations, as weil as krnetlc effects Only the krnetlc 

Influences will be dlscussed brrefly here 

Klnetlc factors ln glass formatIon are best understood rn terms of the 

probabrllty of formation, a!> seen m the Tune-Temperature-Transformatlon 

(TTT) curve rn Figure 2 19 A temperature (TN) eXlsts where the tlme (rN) to 

crystaillze a volume fraction of glass IS a minimum ThiS temperature IS 

cntlcal If crystaillzation of the glass IS to be avolded. The rate at whlch 

crystaillzatlon occurs IS glven by 
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(2.15) 

where Xt is the volume fraction of glass crystaillzed after tlme t, U IS the 

crystal growth rate, and [15 the nucleation rate. For the formation of a glass 

to occur, Xt must be kept low by mmlml2lng U and J. Thus, glass formation IS 

governed by the rate of crystal nucleatlon and growth. These will be 

discussed ln SectIon 2.5 1 3. 

The cooling rate, Re, of the liquid IS also crltical in glass formation, and 15 

given by: 

~T 
R :::s

C 
(2.16) 

where tlT is the amount of undercoolrng from the equdibnum meltrng 

temperature. In summary, in order to cool a glass from a "quld, both the 

cooling rates and crystallization rates must be kept to a minimum 

2.5.1.2 The Glass-Formmg Region of Y-S/-AI-O-N System 

The formation of YSIAION glasses from melts 68-71 IS far more complex (In 

terms of structural, composltlonal and krnectlc effects) than that of silIcate 

glasse5. Both the presence of addltlonal cations (A13 + , y3 + ) and an Ions (N2-) 

play signlficant roles rn the coollng of the IlqUld, such that crystallization of 

the glass IS suppressed. MeSSIer 68, for one, dld extensIve work on glasses 

whlCh would crystallize to the dlsllicate phases (Y2S1207, Y2SIOS) He found 

that compositional control of the nltrogen to oxygen ratIos was ddflcult to 

marntain. This was pnmardy due to decomposltlon processes whlch were 

accompanied by nltrogen evolutlon durJng formation of the glass However, 

certarn beneflclal effects of nltrogen substltL.tlon wlthm the slilca glass were 
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apparent, namely that the density, the glass transition temperature (Tg), 

hardness and elastlc modulus ail Increase wlth mcreasmg nltrogen content 

FIgures 2 20 and 2 21 dlustrate the varIatIon of the glass transitIon 

temperature (Tg) and vlscoslty (Il) wlth nltrogen c.oncentratlon for dlfferent 

glasses, respectlvely Both Tg and Il mcrease wltn Increaslng nltrogen 

content Figure 2 22 dlustrates the variatIon of VISCOSlty wlth temperature 

for d,fferent glass systems It IS clear also from thls that the Y-Slalon glass 

has the hlghest vlscoslty over Its Mg, Ca, and Nd glass counterparts and It can 

be concl uded that Y -based glasses wou Id show Improved hlg h tempe rature 

propertles over these other glasses Slnce the YSIAION glass would begm to 

soften at hlgher temperatures. 

Also observed IS an mcrease ln the thermal dlffuslvlty wlth Increasmg 

nltrogen content, leadmg to better thermal shock reslstance Ail of these 

would therefore result m Improved thermomechanlcal propertles 

It was ongmally thought by some authors 69.70 that oxynltnde glasses 

could be made from hlgh nltrogen glass-formmg melts ln whlch SI3N4, AIN or 

some other nltndes are apprecJably soluble at temperatures below whlch the 

n Itnde has a slgnlflcant decomposltlon pressu re, typlcally 1650-17500
( for 

SI3N4 or AIN Further work showed that such extensive Incorporation of N ln 

the glass melt was not that easdy achleved High nltrogen losses by frothlng 

of the glass and decomposltlon occurred when attemptmg to mcorporate N 

mto the glass 70 

Most oxynltnde glasses contaln SI,O and N, and a maJorlty also contam AI-

ail of whlch are favorable for oxynl+"lde formation Both oxygen and 

nltrogen can bond tetrahedrally to SI to form SIX4 groups (where X = 0, N) 

Llkewlse, AI will tetrahedrally bond to oxygen and nltJ"ogen, as ln alummo

sIlicate glass systems The most easily syntheslzed oxynltnde glasses contam 
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more than four components, 1 e. Y-SI-AI-O-N glasses. The addition of AI to 

the SI-O-N glass has several effects, namely It (i) expands the compositional 

range of glass formation, (II) lowers the IlqUidus temperature, (iii) increases 

the nltrogen solubliity , and (IV) suppresses phase separation. Ail of these 

effects are deslrable ln the slntenng process of Sialons. 1.1 was found that the 

Incorporation of Y Into the glass results ln a higher softenlng temperature, 

but tends to reduce the nltrogen solubllity ln the glass ThiS IS ln part due to 

the more refractory nature ofthe Y203-AI203-SI02 system 73 

The formation of Y-slalon glasses from melts cannot be directly compared 

to the formation of two-component system of .(3'-Slalon and glass ln the 

latter case, the glass IS formed from the smtenng alds incorporated to help ln 

the densification of S13N4. Also, the volume of glass IS kept to a minimum 

since It has a detnmental effect on the mechanical propertles of the matenal 

(see Section 2 6). 

The general equatlon for the formation of thls two-phase system IS glven 

by· 

(2.17) 

The glass forming reglon of the YSIAION system is IIlustrated ln FIgure 2.23. 

ThiS slx-component system, called a Janecke pnsm, conslsts of the standard 

Si3N4-AIN-AI203-Si02 square (fram Figure 2 10), wlth Y equlvalents unlts 

along a thlrd dimension The front and back tnangular faces represent the 

nltnde and oXlde ternary phase diagrams, respectively. 

The glass formrng region wlthrn the system extends from the Si02-nch 

portion of the oXlde face towards the nitrogen face. ThiS Implles that a 

certain amount of nltrogen will dissolve ln the glass ln fact, upto 33e/o N has 

been found to be accommodated in the Y-Slalon glass, with a composition of 
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Figure 2.23. The Y-Si-AI-O-N glass-formmg region at 17000
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represented in three dimensions 12. 
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Y'SSIlSAll00451~,S 7', where one of every four oxygens IS replaced by 

n/trogen The wldest part of the glass formmg reglon occurs at 10e/o N 72 as 

shawn m Figure 2 24, and sa Implles that thls IS che area of most stable glass 

formation 

It IS dear from the above that the glass formlng reglon IS rather extensive, 

but m order to obtam the deslred YS,AION glass whlch will devltrlfy to 

y 3AIsO 12, strict compos/tlonal control of the glass must be ach leved, 1 e the 

glass must Ile wlthm a certam N 0 rar,ge for It ta crystaillze to YAG There 

are two methods of representlng the system of mterest, that IS P' and Y

SIAION glass, these are illustrated ln Figures 2 25-2 27 The flrst, developed 

by Hohnke and Tien 74, IS based on an equllateral triangle wlth the apexes 

bemg Sr3N4, W60 (SI2AI404N4), and YAG The IlqUld formmg reglon extends 

over most of of the triangle, however, the area of mterest IS where only 

W + Ilquld are present Although thls representatlon IS simple ta understand 

as It IS m terms of welght percent of constltuents, It IS rather mlsleadmg smce 

there IS a greater composltlonal dlfference between SI3N4 "":\ nd YAG than 

between W 60 and YAG A more appropnate representatlon was developed 

by Drew et al 75, who mapped out tnangular sections of varylng e/oN 

content, 1 e slmllar ta the tnangular faces found on the Janecke pnsm 

(Figure 2 24) These sections mtersect the larger p-YAG plane (Fig 2 26) to 

glve a reglon of glass formation shawn ln Figure 2 27 , whlch Iles above the 

t3-YAG tle Ime The parallel Imes represent constant N.O ratios, mcreasmg 

from the SI3N4 pOint towards the W-60 composition 

The phases present at a typlcJI smterlng tempe rature of 1700'::( are 

dlustrated m Figure 2 28 The Ilquld formmg reglon at thls temperature IS 

much more extensive than the glass reglon, and extends OVE::r much of the 

system However, ln arder ta obtam a Y-SI-AI-O-N glass upon coollng, the 
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IrqUid phase must cool to achleve a glass composition somewhere Inslde the 

trrangle deflned by the !3' solld solution Ime and the YAG composition. This 

will only occur for h gher z value !3' compositions as the Ilquld phase ln 

equrllbrlum wlth lower z values Will be on the slllca side of thls trrangle 41.71 

ln summary, YSIAION glasses can eXlst over an extensive range of 

compositions, coni lrnlng upto 33e/o N, however, only a Ilmlted glass reglon 

eXlstsoverwhlch the devltrrfcatlon of the glassto YAG Will occur. 

25.1.3 Theory of CrystalllZat/On of Glass-Ceramlc Systems 

The process by whlch the regular lattlce of a crystalls generated from the 

less well-ordered Ilquld or glass structure IS termed cry5taillzation 67. ThiS 

transformation of structures proceeds from distinct centers of nuclel and the 

crystals begln to grow by deposltlng matenal upon these Thus, the 

crystallization process can be dlvlded rnto two distinct stages nucleatlon 

and crystal growth. 

Nucleatlon may be elther (a) homogeneous, where the flrst seeds are of 

the same con!:>tltutlon as the crystals upon whleh they grow, or (b) 

heterogeneous, where the nuelel are chemlcally dlfferent from the crystals 

on whlch they are deposlted Heterogeneous nucleatlon ln a glass 15 unllkely 

to occur as any forelgn matter, such as dlrt, would dissolve ln the glass Thus, 

the emphasls Will be on homogeneous nucleatlon 

Figure 2 29 i1lustrates the nucleatlon of crystal growth ln a VISCOUS Ilquld 

8elow the equrllbrrum meltlng temperature, Tl, of a solld, there IS a 

temperature Interval called the metastable zone ln whrch nuclel Will not 

form However, If nuclel are pre-existent m the solution, 1 e seeds, then 

crystals Will grow upon them 8elow thls metastable zone, crystaIl17;=Jt 'on IS 

controlled by two competl ng factors. the rate of nuclel formation and the 

crystal growth rate Nucleatlon and growth both reach maxima as the 
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temperature decreases, due to the mcreasmg viscoslty of the glass whlch 

hmders atomlc rearrangement and diffusion processes. Therefore, m order 

to maxlmlze the number of crystals upon whlch growth can occur, the 

nucleatlon temperature should be chosen such that the rate of nucleatlon IS 

at a maximum The production of a large number of small crystals IS 

favoured over a small number of large crystals as the former will show 

supenor mechanlcal propertles 68 

At a certam temperature (T 3), the viscosity of the glass IS so hlgh that the 

nucleatlon rate drops to zero. The general equatlon for nucleation rate, l, IS 

glven by 76 . 
1 = C exp ( _ W*) 

11 RT 
(2 18) 

where W* IS the thermodynamlc bamer to nucleatlon, RIS the gas constant, T 

IS the temperature at whlch nuclel start to grow, Ilis the VISCOSlty of the glass, 

and C IS a constant The optimum nucleatlon temperature, T, generally Iles 

wlthm a temperature range where the VISCOSlty of the glass IS between 1011-

10 12 pOise 71 

The crystal growth process IS cntlcal m determinlng the morphology of 

the matenal produced Crystal growth 15 dependent upon two factors 67: 

(1) the rate at whlch the Irregular glass structure can be rearranged mto the 

penodlc lattlce of the growmg crystal; and 

(2) the rate at whlch energy released m the phase transformation process can 

be ellmmated A general equatlon for crystal growth, U, IS glven by. 

ûT 
U=K-

Il. 

(2 19) 

where K IS a constant, .l T IS the amount of undercoolmg from the equdibrium 

meltmg temperature upon coolmg, and Il IS the viscosity. It is clear that 
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Viscosity plays a dominant role ln the crystal growth process as weil An 

Increase ln vlscoslty leads to a rapld decrease ln the growth rate 

The crystaillzation of a glass IS often accompanled by slgnlflcant changes 

ln the propertles of the resultlng matenal 68 

1 speClflc gravit y changes between the parent glass and the crystaillne 

product are often accompanled by small volume changes (elther 

contraction or expanSion, dependlng on the denslty of the crystal 

2 thermal expansion coefficients of the crystaillne phases formed are often 

markedly dlfferent from those of the parent glass 

3 Improved refracton ness slnce the composition of the glass prog resslvely 

changes as the crystals are preci plta ted. An upper crystal! 1 zatlon 

temperature eXlsts where complete crystaillzation IS achleved, wlth Iittie 

resldual glass remalnlng 

4. Improvement ln mechanlcal propertles as the glass IS replaced by a 

crystaillne phase 

2 5 1.4 Crystallization of Y-SI-AI-O-N Glasses 

As stated ln prevlous sections, crystaillzation of glassy grain boundary 

phases ln siaions through post-smtenng heat treatments offers a means of 

improvlflg the propcrtles of the ceramlcs The phases whlch are devltrlfled, 

such as YAG, are more refractory ln nature than the glass Itself, therefore 

Improvlng the thermomechanlcal prupNtles However, the addItIOn of 

nltrogen to a glass results ln both an Increase the VISCOSlty of the glass and 

glass transition temperature, ranglng from --9200
( for Oe/oN to 1000"( for 

20e/oN (Figure 2 21) This, ln turn, tends Lo lower the rate of nucleatlOn and 

Increasesthe crystaillzation temperature 76 (Figure 2 27) 

The grcwth of a YAG crystal from the YS/AION glass IS bellcved by 

some 54,64,69 ta occur by the diffusion of excess 51 and N from the glass Into 
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the {l' phase; trat IS, the glass reacts wfth the matrix to glve a sl/ghtly 

changed P' composItion and a cry5tallme garnet phase (YAG), accordmg ta: 

where x 15 the amount of SI and N dlffusmg back Into P' A schematlc 

dlagram showmg the growth of YAG IS glven ln Fig ure 2 30 Leng-Ward and 

LewIs 64 found that crystaillzation of YAG Increases wlth fncreased 

polytypold content, the nucleatlon and growth of YAG IS accompanled by 

excess components (SI,N Into the P' or preCipitation of P' of modlfled 

composition) 

Greil et al 62 establ!shed TIT dlagrams for the crystaillzation of YAG ln {l'

Siaions (Flgu re 2 31) They found that crystaillzation was only detecta ble 

below 1450')(, wlth a maxImum rate OCCUrri ng at 13800
( for P' -Sial ons wlth a 

10 wt % Y AG content Also, the ext€nt of su bstltutlon wlthm the silicon 

nltnde lattlce (1 e z value) affected the rate of crystaillzation as the z value 

of the siaion Increased, 50 dld the rate of crystaillzation (Figure 2 31) 

The heat treatment temperature and tlme will determlne whether or not 

nucleatlon of the YSJAJON glass ta YAG will OCCLlr. The temperature will ln 

turn be determlned partly by the nltrogen content of the glass slnce the glass 

tranSition temperature mcreases wlth the amount of nltrogen present 

Fig ure 2 32 shows phase relatlonshlps ln the {l' -YAG plane at 10500
( 41; 

thls temperature bemg sllghtly above the expected glass tranSition 

temperature Spacle et al 63 found that at thls anneaJmg temperature, 

however, no two-phase W + YAG reglon eXlsts Rather, the dlagram IS 

predommated by a phase whlch they labelled B The composition of thls 

phase IS Y2SIAIOsN, and IS close ta the YS,AION glass composition; It would 
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therefore requlre Iittie structural rearrangement for the crystals to grow 

from the glass The other phases present ln the system Include YAM, YAP, 

and the yttnum silicates, as revlewed ln Section 2 4, most of these quaternary 

ph -ses are undeslrable due to elther thelr low meltJng pOints, or to thelr 

poor oXldatlor reslstance 

At 1350"C, the stable phase relatlonshlps are dlfferent 41 (Figure 2 33)' a 

W + YAG reglon IS found ta eXlst However, the production of th 15 two-phase 

systf'm Involves careful composltlonal control as thls reglon IS Ilmlted The 

major factor affectlng the formation of YAG IS the nltrogen content of the 

glass Leng-Ward & LewIs 64 dld an extenSive study of glasses contalnJng Q, 

10,20 and 30e/o N whlch had been heat treated at 1250°C for 40 hours They 

found that, wlth Increasmg nltrogen content, Y2S1207 was progresslvely 

replaced by YAG 

Hayashl et al 52 reported that a heat treatment schedule of 12500
( for 72 

hours was optimum ln achlevmg devltnflcatlon of the glassy phase ta YAG 

At hlgher temperatures, 1 e 1400°(, YSI02N was the major crystallization 

phase However, they gave no indication of the startlng compositions 

2 5 1 5 Heat Treatment ConditIOns 

It IS clear from the above that heat treatment of YSIAION glasses ta 

produce YAG IS dependent upon several factors 

composltlonal control of the startlng matenal 50 that the sintered 

matenal results Hl 0' -Slalon and a YSIAION glass 

2 a speclflc heat treatment temperature to optlmlze the nucleatlon and 

growth of YAG fram the Y-SIAION grain boundary glass 

3 an optimum heat treatment tlme to allow for complete gram growth of 

YAG ta occur, thereby mlnlmlzlng the amount of resldual glass. 
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1 2.6 MECHANiCAL PROPERTIES 

The strength of a bnttle mater/ails best descnbed ln terms of the Griffith 

fracture equatlon 

o = A V(y Ele) (2 21) 

where y::: the fracture energy 

E::: Young's modulus 

c::: the length of the crack that Inltlates fracture 

A::: dlmenslonless number that depends on the mode of stress 

application, specimen ronflguratlon and dimensions, and 

the type of crack under consideration 

Hence, the strength IS strongly dependent upon the fractu re surface energy, 

elastlc propertles and crack size As S13N4, Ilke ail ceramlCS, 15 brrttle ln 

nature, Its fracture energy IS relatlvely low (see later) 

The Griffith Equation can also be related to the straln energy release rate 

or toughness, Ge, such that 

.) 

nee-
e --

C E 

where C 15 the crack length and cr IS the applled stress. 

(2 22) 

A more useful 

relatlOnshlp Involves fracture toughness, Ke, whlch can be determlned 

experrmentally, Equation 2 22 can be rearranged to 

K 
c 

a ---- y'ne (2 23) 
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Table 2.4 shows fracture toughness values for vanous metals and ceramlcs 77 

Although the K( value of SI3N4 15 low (4-10 MPai-) compared to metals, It IS 

hlgher than most ceramlcs 

It can be sald, then, that the strength of SI3N4 IS marnly dependent on the 

size and distribution of cracks or flaws present 78 These flaws are most ohen 

found wlthrn the volume of the sêlmple (as mcluslons, pores) Jnd surface 

flaws (cracks Introduced by gnndlrlg) InclUSions are most often Irl the form 

of Impuntles ln the startmg matenal, 1 e Fe, Ca, whlch tend to segregate al 

the grarn boundanes 8 Hence, by uSlng hlgh punty matenals, the effect of 

mclus/ons can be mln/m/zed Also, poroc,lty can be Ilmlted through proper 

srntenng condItions; that IS, by smtenng at hlgh temperatures, to produce 

full denslty matenals. 

2.6 1 Room Temperature Strength 

The room ternperature strength of SI3N4 15 not only dependent upon slze 

and distributions of flaws present, but also upon two addltlonal factors, 

namely the microstructure of the rnatrrx, and the nature of the gram 

boundary bondrng phase 

2.6.1.1 Effect of MIcrostructure on Strength 

The strength of a matenal IS related to Its grarn morphology Figure 2 34 

shows the relation of grarn slze (d) and aspect ratlû (R) on the strength of a 

materral It IS clear from thls that the strength Improves as the grarn slze 

decreases and the aspect ratio rncreases 4. In order to maXlmlze the room 

temperature strength of SrllCO l nltnde, the smtered microstructure should be 

of sub-rnlcron gr~rn size ThiS can be aLhleved by usrng fine startrng materral 

and Irmltrng the eytent of grarn growth m the coalescence process (see 

Section 2 3.2 3) Not only If) >,he size Important, but also the morphology of 

the grarn dlctates the resultmg strength A rod·llke morphology 15 favoured 
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Matenal K( 
(MPa m-}) 

Pu re ductile metals, 100-350 
e g Cu, NI, Ag, AI 

High strength steels 50-154 

Tltanlum alloys 55-115 
(TI6AI4V) 

SI3N4 4-10 

SIC 3 

AI203 3-5 

Soda glass o 7-08 

Table 2 4 Fracture toughness of 
varlous matenals 77 
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Figure 2.34. 

d = constant 

Aspect rallo, R 

(a) 

R,. constant 

Gram Slze, d 

(b) 

Infl uence of two typlcal mlcrostructura 1 
variables of dense S13N4' (a) the aspect 
ratio and (b) the gram size of the 13-phase, 
on the mechanical propertles at room 
temperature (schematlc plot) 4. 
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over eqUlaxed gram shape, as the former Increases the energy requlred for 

fracture (y) 

Lange 15 dlscussed the reqUirement of a hlgh a-S13N4 startlng matenal If a 

flbrous microstructure IS to be obtalned upon slntenng He proposed that 

the resultlng a~pect ratlo, R, of the flbers or aClcular microstructure of the 

transformed J3 depends on the mitai a/{3 volu me fraction ratio 

a 
R = 1+-

!3 
(2.24) 

Lange went on ta propose that the mechanlcal propertles could thus be 

controlled through the a/p ratios for the startrng matenals. Table 2 5 Iists 

the fracture energles and strength of hlgh a phase and hlgh 13 phase 

powders29 It IS seen that the Q phase startmg powder results ln the matenai 

wlth the hlghest fracture energy and strength This Increase ln strength IS 

attnbuted to the formation of an elongated grain structure whlch causes the 

hlgh fracture energy 

SI3N4 

hlgh a 

hlgh P 

Table 2.5 

cr y 

(MPa) (J.m-2x10-3) 

520-650 29 3-69 5 
-

375 158 

Strength and fracture energy of 
h '9 h a and {3 startl ng matenals 29 

Bowen and Carruthers 79 also showed that the strength of hot pressed 

SI3N4 mcreases VIIlth a/p transforma tlon (Fig ure 2 35). M Icrostructu ra 1 

exammatlon of fully converted samples, showmg the hlghest strengths, had a 

hlghly aClcular grain morphology 
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1 2 6.1 2 The Effect of the Gram Boundary Phase on Strength 

The mechanlcal propertles of slntered SI3N4 IS also dependent upon the 

nature and volume of gram boundary phase present If thls Intergranular 

phase IS a glass, ItS strength IS much lower than that of the 513N4 Itself 

YSlalon glasses, dependmg upon the composition, have strengths varymg 

from -150-215 MPa 68, as opposed to - 500-'000 MPa for SI3N4 22 dependlng 

on the processmg cond Itlons 

The volume fraction of the glassy gram boundary phase will also dlctate 

the strength of the resultmg slntered S13N4, an Incre-3se ln the glass content IS 

accompanled by a decrea e ln strength. Das & MukerJI 80 observed that a 

SI31\J4 contalnlng 20 wt ob glass had a lower room temperature strength than 

one contalnlng 12wt % glass, 1 e 372 MPa vs 475 MPa, respectlvely Bonneil 

et al 65 reported that the toughness of Siaions decreased wlth Increasmg 

YSIAION and cordlente (MgO-based) glass content (FIgure 2 36) More 

drarnatlc dlfferences ln toughness were observed between the amorphous 

and sample!> crystaillzed to YAG They found that these dlff 2rences were 

more pronounced as the amount of additive was mcreased, and attrlbuted 

the phenomena ta the large resldual stresse~ ln the garnet The'le stresses 

were thought to arise because the thermal coefflclerlt of YAG IS much hlgher 

than that of SI3N4 The cordlente showed Improved room temperature 

strengths upon anneallng due to the formation of the crystalline phase 11-

cordlente, however, thls phase IS metastable 

Pugh et al 81 noted a decrease ln fracture toughness an ,strength wlth an 

Increase ln additive content They attnbuted thls decrease to an Increase ln 

the grain boundary phase, as weil as poroslty due to decomposltlon dunng 

srntenng Consistent wlth other authors 79, they also found that upon 

devltnflcatlon of the glass at 11 OO')C and 1400°C, a 15% reductlon ln strength 
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resulted They attnbuted thls decrease ln strength to a volume change of the 

second phase (YAG) dunng devltnflcatlon. This volume change 15 due to a 

denslty dlfference between the glass (-39 Mgm-3) and YAG (4.55 Mgm-3) 

whlch, ln turn, lea'.:Js to the formation of mlcroporoslty 

262 tt.!gh Temperature !Y'1echanlcal P~opertles 

Most rnechanlcal property sÎudles of SI3N4 have been perforrned at hlgh 

temperatures, as these condltlon~ slmulate the Intended application 

envlronments of the ceramlL As IS true of almost ail ceramlcs, the strength 

of SI3N4 decreases as the temperature 15 Increased (the exception betng 

graphite) 22 The transverse rupture strengths of sll1tered and crystaillzed 

Siaions 54 are shown ln Figure 2 37 Although The smtered slalons show 

supenor strengths over the" annealed counterparts at 10w temperatures, 

the!r strengths detenorate dramatlcally as the temperature reaches -800~C 

This degradatlon ln the hlgh temperature thermomech.Jn Ical propertl es 

anses from the presence of the gratn-boundary glass phase The amorphous 

glass begll1s to weaken as temoeratures approé,ch ItS softenlng temperature, 

1 e >800"( (onversely, the annealed siaions retatn thelr strength to weil 

over 1000')( This Improved strength 15 due to the reductlon of glass content 

by crystaillzatlon, thus the effect of softentng of the glass IS no longer as 

cntlcal Also, the crystaillne phases formed upon devltnflcatlon have 

excellent refractory propertles, 1 e the melttng pOtnt of YAG betng 1860°C 

(see Table 2 3) Hayashl et al 52 reported that the flexural strength of 

specimens devltn fled to YAG retalned thelr strength (360 M Pa) to 1300°C 

Clarke et al 58 slmilarly found that slalons fabrtcated wlthln the S13N4-

S12N20-Y2S1207 system and heat treated ln air to form SI2N20 and Y2S1207 

retamed the" strength at 1370°(, the strength retentlon IS once agaln 
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1 related ta the refractoriness of the grain boundary phase (see Table 2 3 for 

meltmg temperatures). 

Like strength degradatlon, the onset of creep m siaions has also been 

attributed to the viscous gram boundary phase 82 An emplrlcal expression 

for creep 15 glven by 83: 

( 0')[ (-klk./)] ut 
C = k 1 - exp, Il ~ + Il3 ~ 

1 

where e = creep strain 

cr = creep stress 

k1,l,3 = constants 

t = tlme 

IJ. = VI5coSIty 

(2 25) 

It is clear from thi5 expression that the viscosity of the glassy grain 

boundary phase affects creep as the viscoslty of the glass decreases, the 

creep strain increases. As seen ln Section 2 5, the vlscoslty of the glass 15 

controllerl by the nltrogen content, I.e the V!scoslty Increaslng wlth nltrogen 

content (Figure 220). Butler et al. 54 found that the lowest nltrogen

contammg matenals exhlblt extremely hlgh creep rates, as the Intergranular 

glass IS very fluld (Figure 2 38); hlgh nltrogen-contatntng matenals exhlblt 

Intermedlate creep rates, attnbuted to the Increased vlscoslty of the glass 

wlth hlgher nltrogen levels The lowest creep rates were achleved when the 

Intergranular phase was crystaillzed, as Iittie resldual glass remalns ln the 

grain boundary. 
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1 2.7 SUCCESSOF GRAIN BOUNDARY ENGINEERING TO DATE 

From the above Iiterature review, It has been shown that grain boundary 

control, viz. limiting the glass phase and/or crystaillzatlon, is essentlal m 

producing sialons wlth good mechanlcal and thermomechanlcal propertles 

Success to date has been limited rn that most of the publICations on GBE are 

ambiguous. Thomas et al. 84 have Just recently applied for a patent for the 

development of a silicon nltride ceramic that shows no loss of strength at 

1000°C. The report simply mentions that minimum amounts of additives 

were used in sintering, thereby minimizing the gram boundary phase. This 

oxynitride glass was further crystallized to yttrium silicate, the exact heat 

treatment conditions not bemg elaborated upon. The ceramlc was reported 

ta have a room temperature strength of 532 MPa (which IS not 5pectacular m 

viewof results obtained in this and other studies), and retarned 71 % of It~ 

strength at 1300°C. 

The key to producing high strength and creep reslstant slalons Ites 

primarily in Itmlting the amount of gram boundary ph.~se present, whether 

glassy or crystalline. Howe .... ei, the crystallization of the glass 15 Important 

with respectto limiting creep at high temperatures. 
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:1 CHAPTER 3 

SCOPE OF PRESENT STUDY 

The pressureless slntenng of silicon nltnde can only be achleved by the 

use of smtenng alds. These additives, typlcally oXldes, allow for densification 

by provldrng a IlqUid phase m whlCh the a-SI1N4 dissolves and repreClpltates 

as the Jl phase. However, when th IS IlqUid cools to a glass It remains as a 

gram boundary phase whlch exhlblts poor mechanlCal propertles, especrally 

at elevated temperatures Devltnflcatlon of the glass to a crystalline phase 

has been shown to result ln Improved thermomechanlcal propertles; 

however an m-depth study of the effect of composltional vanatlon and heat 

treatment on the devltnflcatlon of Y -Slalon glass has not been publlshed. 

The pnmary objective of the study was to achleve the brnary system of .13'

slalon and YAG. Although Y3AIs012 and Y2S1207 are both stable phases wlth 

respect to Il', YAG was chosen as the devltnflcatlon product based on Its 

hlgher meltmg temperature It was therefore postulated that Improved hlgh 

temperature propertles would result. 

The two variables used rn the present study were: 

1. compositIon - dlfferent amounts of additIves (AI203, Y203, AIN) were 

Incorporated mto a-S13N4 such that the IIqu id phase formed u pon 

smtenng had dlfferent Y/AI/SI/O/N ratios. Sorne composItions were 

chosen such that the catlon/amon ratio was constant, but with varying 

N:O content, and Vice versa. 

2. heat treatment temperature and tlme - su ch that the maximum rate of 

nucleatlon and growth of YAG from the glass was achieved. 

Fmally, the effect of the nature and volume of the grain boundary phase 

on room temperature strengths was evaluated. Samples with a constant 
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1 volume of gram boundary phase but mcreasmg amounts of YAG were tested 

to observp the relatlonshlp between the strength and amount of YAG 

present. Transmission and high resolutlon electron microscopy were used to 

identify the sources of vanation ln strength of vanous compositions whlch 

had undergone d,fferent degrees of crystaillzation 

The morphologies of as-stntered samples were studled by scanntng 

electron mlCroscopy The gram boundary phases and general morphologies 

in both as smtered and heat treated samples were examtned by hlgh 

resolutlon electron mlCroscopy. It was hoped to Itnk the observed strength 

measurements to the general microstructures and compositions of the gram 

boundary phases. 
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4.1 COMPOSITIONS 

CHAPTER 4 

EXPERIMENTAL PROCEDURE 

The effect of composltlonal control was st'.Jdied ln terms of two vanables: 

flrstly the z value, m order to see If the extent of substitution of AllO (or z 

value) wlthln the SI3N4 lattlŒ can be controlled, and the effect that the z 

value has on devitnficatlon; and secondly, the Ilquld volume to see If the 

amount of IIqUid phase plays a role on devitnficatlon. Siaion compositions 

were chosen such that they Ile wlthln the SI3N4-YAG-AI303N reglon 

illustrated ln Figure 4 1 The compositions studied were dlvlded Into three 

senes. More speClflcally, wlth mcreasmg additive content 

(i) Series l had an Increasing Ilquld content and Increasrng z value; 

(II) Senes II had a constant IIquld content and mcreaslng z value; and 

(ili) Senes ID had an Increaslng Ilquld content and a constant z value 

equal to zero Compositions wlthm thls senes Ile along the Si3N4-

YAG tle Ime 

Compositions were chosen wlthm each of these three series su ch that they 

had Increaslng oxygen content wlth rncreasmg amounts of additives. For 

example, composition la contarned 10 equivalent percent (e/o) oxygen and 90 

e/o nltrogen wlth -11 wt. % additives, whlle composition Id had 2:' elo oxygen 

and 75 e/o nltrogen wlth -31wt.% additives The effect of cation content 

(Y3 +, AI3 +,514 +) could also be studled smce each composition wlthm a serres 

contalned the same OIN ratio as a composition wlthln the other senes Trat is, 

compositions la and IIb each had 10e/o 0; lb, IIb, and mc had 1 Selo 0, and so 

on; the yttrrum content for equlvalent OIN ratios mcreased from Serres l to ill. 

- 85 -



00 
Cl' 

Si3N4 

100 

90 

80 

5 10 1 S 20 2S 30 40 50 60 

equlvalent % oxygen 

Figure 4.1. Compositions studled within the Si3N4-AI303N-VAG boundanes. 

AI30 3N 

-



A second method of representlng the compositions IS based on 

equllateral tnangles of 51 4 + -A13 + -y3 + , wltn corstant OIN content Thus, 

compositions wlth equôl oxygen content were mapped out on the s.ame 

triangle, as shown ln Figures 42(a)-(e) The anion ratios for ail compositions 

ranged from 10eloO (90e/oN) to 25e/oO (75e/o N) The actual amount of the 

startmg materlals reqUired, 1 e SI3N4, AI203, Y203 and AIN, were calculated 

fram these tnangles by convertlng the equlvalent percent cations (y3 +, AI3 +, 

51 4 +) and anions (02-, N3-) to welght percent compound A sample 

calculatlOn IS glven ln Appendlx A Compensations were made for the surface 

layer of 5102 Inherent on the SI3N4 powder, thls was based on the 

manufacturer's Iisted oxygen content whlch was tYPlcally between 1 90-2 0 

wt % The exact constltuents of each composition are glven ln Tables 4 1 - 43 

Ali of the compositions Ile ln the Sl3N4-nch portion of the Janecke pnsm, 

shown ln Figure 226, and are wlthln the SI3N4-YAG boundarles Assumlng 

that the phase dlagram 15 correct, the only expected devltnflcatlon phase of 

these compositions IS YAG 

The theoretlcal amount of YAG formed upon heat treatment was 

calculated based on the assumptlon that ail y3 + present ln the startmg 

matenal went Into formmg Y3AIs012 Thus, the accompanylng AI3 + and 02-

reqUired to form one mole of YAG were determmed by atomlc ratios, 1 e 

3y3 +- SAI3 + 1202- Any remalnlng AI3 + and 02- not reqUired for the 

formation of YAG was assumed to substltute Into the SI3N4 lattlce to form l3' 

SIAION 5mce the numb:r of AI atoms gomg mto the l3' phase IS equal to the z 

value, the theoretlcal composition of 516-zAlzOzN8-z could be determmed (see 

Appendlx A) 

As 1 t was assumed that on Iy SI6-zAlzOzNa-z and YAG are present u pon 

devltnflcatlon,l e no resldual glass remam5, the welght percents of the Siaion 
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---- -- ----

(wt.%) la lb lc Id 

a-Si3N4 8874 82.06 74 07 68.03 

Additives 11 26 17.94 2593 31 97 

AI203 4.97 9 16 12.17 1642 

Y20 3 456 6.78 11.16 13 17 

AIN 1.72 2.00 2 60 2 38 

Table 4.1 Compositions wlthln Senes l -
Increaslng liquld volume and z 
value wlth Increaslng additive 
content. 

(wt.%) IIa IIb IIc IId 

a-S13N4 88.74 82.01 75.51 6894 

Additives 11.26 17.99 2449 31 06 

AI203 4.97 10.57 16 03 21 64 

Y203 4.56 4.90 5 08 5 25 

AIN 1.72 2.52 3 38 4 17 

Table 4.2. CompositIons wlthln Series II -
Constant Ilquld volume and 
mcreasmg z value wlth mcreasing 
additive content 

(wt.%) III a IIIb IIIc IIId 

a-S1 3N4 94.59 8743 80 61 74.07 

Additives 541 12 57 19 39 25.93 

AI203 026 3.50 6.62 9 53 

Y20 3 423 823 12 00 15.69 

AIN 091 084 0.77 0.71 

IDe 

6783 

32 17 

12 31 

1921 

065 

Table 4.3. Compositions wlthln Senes III - Increasing 
hquld volume and z = a wlth increasmg additive 
content. 
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and YAG were calculated A sample of these caleulatlons IS glven ln Appendlx 

A. 

Tables 4.4-4 6 Iist the theoretlcal z values and YAG contents as weil as the 

theoretlcal denslty (Pth) for ail of the compositions The theoretlcal z values 

ranged from zero to a maximum of two for the hlgher additive content 

composItions. Compositions wlthln Senes l had a theoretlcal z value ranglng 

from 05 to 1, wlthm Senes II from 1 1 to 2 0, and a z value of a for Series III 

slnee no substitution was expected ln the silicon nltrlde lattlce The 

theoretlcal YAG contents for Senes l Increased from 14 wt °0 for la to 33 

wt. % for Id, for Senes II, ail composltlcns were calculated to con ta 1 n - 14-15 

wt. % YAG, whlle the theoretlcal YAG content for Series III ranged from 14 

wt. % (IlIa) to 34wt. % (Ille) 

4.2 SAMPLE PREPARATION 

The startlng materlals for the expenments were a-SI3N4, A1203, AIN, and 

Y203. Ali powd~rs were of hlgh punty, hlgh surface area and low Impur/tles 

(alkall) content, some speCifications of these startlng powder'\ are glven ln 

Table 4 7 The compositions were prepared ln 100 9 batches by attrition 

milling a-S13N4 wlth the additives ln propanol for 0 5 h uSlng hlgh purlty SI3N4 

media. Details on the mdlmg techniques are glven elsewhere 85 The slurry 

was mlcrowave dned to rapldly reduce the Ilquld content and avold 

separation of the powders The remaJnlng slurry was then oven dr/ed at 120 'C 

for a minimum of elght hours ln order to remove any resldual propanol The 

dned powders were granulated through a 24011m mesh to break up 

agglomerates Two-gram samples were unlaxlally pressed at 17 MPa Into 

41 mm x 7 Smm x 4mm bars Any excess mOlsture was then removed by heat 
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1 
(theoretlcal) la lb le Id 

wt.% YAG 143 18.7 30.6 328 

z value 05 0.7 0.9 1 a 
Pth 3 23 3 25 3.28 3.30 

Table 4 4 Theoretlcal z value, wt % YAG and 
denslty based on startlng 
compositions for Senes I. 

(theoretlcal) IIa IIb IIc IId 

wt.% YAG 143 14.3 14.6 146 

z value OS 1.1 1.6 20 

Pth 323 326 3.28 3.31 

Table 45 Theoretlcal z value, wt. % YAG and 
denslty based on startlng 
compositions for Senes II 

(theoretrcal) IUa lib IIIc Illd Ille 

wt % YAG 

z value 

Pth 

Table 46 

140 256 346 430 50 0 

0 0 a a a 
3 20 3 22 3.24 326 3.28 

Theoretlcal z value, wt % YAG and denslty 
based on startmg compositions for Senes III. 
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Supplier Surface dso Purrty Oxygen Major 
Area (llm) (%) content Impu ntles 

(m 2/g) (%) 

a-Si 3N4 H.C. Starck -23 07 978 1 4 30 pprn Fe 
LC12 (max) 

AIN H.C. Starck -6 a 8-1.3 97 6 2 5 150 ppm Fe 
Grade C 

AI203 Alcoa -11 03-0 5 999 nia o 08wt 0'0 Na20 
A 16SG a 04wt 0 0 5102 

a 04wt % Fe203 

Y20 3 Molycorp -39 -1.8 9999 nia la ppm CaO 
5603 la ppm Na20 

5 ppm Fe203 

Table 4.7. CharacterrstlCs of startlng materral based on manufacturer's 
speCIfIcatIons. (nia not avarlable) 
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1 treatlng the bars at SOOO( for one hour. The bars were then Isostatlcally 

pressed at 340 MPa before sinterrng to maxlmlze the green density. 

43 SINTERING PRO(ESS 

Pre~sureless slnterrng of the specimens was performed ln a graphite 

resistance furnace under a sllght nltrogen overpressure of 0.1 MPa. The bars 

were placed honzontally ln a boron nltrlde cruclble (to avold slumplng) along 

wlth a powder bed composed of 50/50 mixture (by welght) of boron nltnde 

and composition la. The boron nltnde prevents the silicon nltrlde fram 

fnttmg, the SI3N4 + additive powder prevents bath welght 1055 and additive 

mobillty The optimum slntenng temperatlJre and tlme were assessed for 

each compositIOn, based on (1) maXlmlzatlon of the flred denslty , (II) 

complete a to p transformation, and (III) mmlmlzatlon of welght losses The 

reductlon of poroslty and complete Q to {3 transformation are Important m 

terms of Improvrng the mechanlcal propertles of the smtered body (see 

Section 26) A minimum smtenng temperature of 14000
( IS requlred for the 

converSion to take place, however, a hlgher temperature IS necessary to 

ellmmate as much closed po rosit y as possible, as dlscussed ln Section 2.3 

Welght lasses must also be avolded to ensure that the composition has not 

shlfted out of the deslred ~-YAG-AI303N triangle 

The slntenng temperatures ranged from 16000
( to 180QO( for one ta two 

hours and are Iisted ln Table 4 8 - 4 10 Sample dimenSions and welghts were 

recorded before and after slntenng, as weil as an evaluatlon of denslty and 

poroslty of the flred specimens as outllned by ASTM (373 86 ThiS method, 

also known as the Archlmt ';es Method, allows forthe direct measurement of 
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la lb le Id 

T (oC) 1800 1800 1600 1600 

t (h) 1 1 1 1 

Table 4.8. Sintering conditions for Senes 1. 

IIa lIb Ile IId 

T sinter (oC) 1800 1800 1700 1700 

t sinter (h) 1 1 1 1 

Table 4.9. Srntenng conditions for Senes II. 

ma IIIb IDe illd Ille 

T (OC) 1800 1800 1800 1700 1700 

t (h) 1 1 2 2 2 

Table 4.10. Sintenng conditions for Senes rIT 
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1 bulk denslty, open porosity and apparent density; and an indirect 

measurement of closed poroslty based on the theoretlcal density. 

4.3.1 The Archlmedes Method 

The smtered samples were bolled ln water for two hours, and then allowed 

to cool ln the water for a minimum of six hours. The wet welght in air (W) and 

the wet welght suspended in water (5) were measured. The samples were 

then o'ven dned at 1200
( for eight hours, and the dry weight (0) measured. 

The followlng were then calculated: 

D 
Apparentdensity = PA = --s 

D-

D 
Bulk density = P =-

B w-S 

W-D 
Percentopenporosuy = -- X 100 

W-S 

Pth - PA 
Percentclosed porosity = X 100 

Pth 

PB 
Percent relatiue denslty = - X 100 

Pth 

(4.1) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

The theoretical denslty, Pth, of the samples was based on the volume fraction 

of glass and Sial on of each composition. As expected, these densitles 

increased wlth increasing glass volume smce the density of Y-Sialon glass (3.7-
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3.9 g.cm3-) is greater than that of Si3N4 (3.18 g.cm3-); these values are listed ln 

Tables 4.4-4.6. 

4.4 HEAT TREATMENT PROCESS 

The smtered samples were heat treated in a vertical tube furnace wlth a 

nitrogen flow rate of 31cm/min. The nltrogen gas was punfled usmg a 

tltanium getter. The samples were placed ln a graphite cruclble wlth a BN 

powder bed. Heat treatment was carned out at two temperatures, namely 

nOQO( anu 14000
( for 10, 20 and 50 hours. The lower temperature of 11 oODe 

was chosen as it IS above the glass transition temperature of the glassy phase 

of -950°(; whlle the hlgher temperature IS below the lowest meltmg eutectlc 

composition formed upon sintenng. 

Based on these results, an add,tional heat treatment was performed at 

140QO( for 100 hours in an attempt to reach equllibnum and full 

devitrification of the glass to YAG. After heat treatment, the welght lasses 

and density changes were agam evaluated by the Archlmedes Method 

4.5 ANAL YSIS 

4.5.1 Phase Identification 

Ali smtered and heat treated samples were rndlvldually mrlled m a steel

lined shatterbox ta a partlcle size < 32511m. Diffraction patterns of ear.h 

speCimen were obtained uSlng a Philips X-ray Automatlc Powder 1700 

Diffractometer with a gonlometer, Imked ta a Digital Micro PDP-11 

computer. 

The samples were step-scanned uSlng monochromatlc (uKa radiatIOn at 40 

kVand 20 mA. A step size of 0.020 degrees and a scan rate of 25 00 deg/sec 

were used ta scan the samples through a 28 of 15':> to 80°, where the strongest 
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i peaks of mterest are found Peak shlfts were corrected for using KCI as an 

mternal standard. A sample scan IS shawn m Figure 4.3 with the a, {3, and YAG 

peaks Identlfled. 

Phases present upon srntering and heat treatment were Identlfled by 

companng the patterns wlth those found m the JCPDS index avallable on the 

PDP-11, as weil as using diffraction patterns manually entered mto the user 

database. 

4.5.2 a to p Transformation 

The evaluation of the extent of a ta 13 transformation upon sintering was 

accordmg ta the methods developed by Gazzara and Reed 87. The procedure 

is based on the ratio of mtensltles of the strongest a and 13 silicon nltride 

peaks, whlch are found to be the (210) diffraction Imes m both cases. The 

relationshlp between welght percent {3 and this ratio is glven by: 

1 
P210 

---- cc wt.%P 
1 +1 
~10 P210 

where Ils the i ntenslty of the peak. 

(4.6) 

The peaks were Identlfied usmg the "Peak Search" program available on 

the PDP-11. The backgrounds were subtracted from the intensitles, and the 

resultmg counts for a(21 0) and {3(210) were substltuted mto Equation 4.6 A 

sample calcu!.3tlon IS glven ln Appendix B. Using the calibration curve 

developed by Gazzara et Reed (FIgure 4.4), the weight percent 13 m the 

samples were obtamed from the calculated ratio of intensities. 

4.5.3 YACJ Content 

ln order to quantify the amount of YAG formed upon heat treatment, 

calibration curves of wt. % YAG versus intenslty of peak were obtained based 

on the three strongest YAG diffraction lines whlch dld not overlap with other 
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phases present, namely 13' -S13N4 or p' -SIAION. The lines chosen were the (211), 

(400) and (640) reflectlons, each line having an intenslty (IIIo) ~ 30°;0. These 

diffractions lines were the same ones used by Gre" et al 62 ln thelr 

determmatlon of YAG content. Samples were prepared by addlng mcreasmg 

amounts of YAG (5-50 wt %) to P-SI3N4. Calibration curves for each of the 

diffractIon Imes were based on the known welght percent of VAG ln the 

sample (x-coordrnate) and the ratio of rntensltles of the YAG Ime!> and the 

(210) line of P-Si3N4 (y coordrnate), which 15 given by: 

IYAG 
III 

Y coordmate = -----
1 +1 

YAG(1 ) /3(210) 

(4.7) 

where l is the peak intenslty (background subtracted), and 1 15 the (211), (400) 

or (640) dIffractIon lme. Calibration curves for these Irnes are shown rn Figures 

4.5-47. 

For each of the heat treated samples, the ratio of Intensltles was calculated 

for ail three YAG Imes, USI ng the above relatlonshlp The welght percent VAG 

for each diffraction Irne was rnterpolated from the calibration curve, and the 

average of the three YAG contents calculated. The error assoclated wlth the 

rntenslty measurements were less than 2% A sample calculatlon of the VAG 

content IS glven rn Appendlx B 

4.54 Measurement of z Values 

The extent of solld solution substItution, or the z value, wlthln the P-SI3N4 

lattlce was determmed rndlrectly by x-ray diffractIon As dlscussed rn Section 

2.4, the Z v31ue 15 Irnearly dependent upon the lattlce parameter These 

dimensions, ln turn, can be obtalned dlrectly by x ray diffraction 

For an HCP system such as SI3N4, the general relatlonshlp between the 

Miller rndlces (hkl)and cel! dimensions (a and c) IS 88 
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(4 8) 

where 8 = angle of reflectlon 

(;\2)/4 = 0 594 for (uKa radiation 

As (.\2/4) IS a constant, and A IS assoclated wlth a partlcular dIffractIon (hkl) 

line, then a and c can be calculated by solvmg slmultaneous equatlor1s A 

sample calculatlon for the lattlce cell dimensions IS glven ln Appendlx B 

Usmg the calibration curves m Figure 4 8, the a and c values were 

mterpolated to glve a z value related to each parameter, 1 e a z value based 

on the a parameter, and a z value based on the c parameter These values 

were then averaged to glve a mean z value for the composition 

The cntena for choosmg the diffraction Imes of P-SI3N4 for lattlce 

parameter caleulatlons were such that the Imes (1) dld not overlap wlth other 

phases possible wlthm the system, (II) were at as hlgh an angle as pO~5lble If) 

order to reduce the error, and (III) were strong enough to be detected rn ail 

samples The diffraction Imes whlch fit these cntena were the (212), (231), 

(330) and (411) 

4.5.5 Gram Morphology 

Gram slzes and aspect ratios of smtered and heat treated (1400 'C/100h) 

samples were obtalned through scannlng electron mlcroscopy The samples 

flrst were mounted m resln and dlamond pollshed down to 1 l1m uSlng a 

LECO VP-150 Van/Pol Automatlc Poiisher The resi n was mecha n Ically 

removed and any resldual resin was burned off ln air at 500'( from the 

speci mens These were then etched m molten KOH at - 360'-'( for 15-255 The 

specimens were gold coated and studled on a JEOL T-300 Scannrng Electron 
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Figure 4.8. 
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Microscope. The samples were tilted 30° in order to enhance the contrast 

between the grains. From micrographs taken, the average gram size and 

aspect ratio of each composition was determmed based on 60 grams, uSlng 

the gram boundary intercept method89. 

4.5.6 Analysis of Tnple POints 

Based on the extent of devltnflcatlon and crystaillzed phases found by x

ray diffraction, specifie slntered and heat treated samples were chosen to 

study the gram boundary microstructu re by l'lIg h resoJutlon electron 

microscopy (HREM). These samples are Iisted in Table 4.11. 

SAMPLES wt.% YAG 
% 

As Heat theoretlcal calculated devitrifled 
Slntered Treated 

IDa 14 0 0 

la la 14.3 0 0 

illb illb 26 3 10 

lib llb 14.6 7 34 

Id 33 33 100 

Table 4.11 Samples studied by TEM, showmg extent of 
devltnf,catlon. 

The heat treated samples were chosen such that they ranged from 0-100% 

devitnficatlon to YAG The followlng aspects were studled (1) loc;,)tlon of 

YAG pockets; (Ii) location of resldual glass 

Sample preparation mvolved: (1) cuttmg the -1-2 mm specimens mto 3 mm 

discs usmg a GATAN Model601 ultrasonlc dise cutter, (11) dlmplmg the dises 

on both sldes to a fmal thlckness of 5x10-3 mm wlth a South Bay Technology 

Model 510 dlmpler; and (IIi) a final thlnnmg stage by Argon Ion mdlmg wlth 

- 106 -



an Ion Tech Ltd Ion mlll The samples were then coated wlth a light carbon 

film High resolutlon electron rTllcroscopy was performed on a JEOL 2000FX 

tranSrTllSSlon electron microscope on whlch mlcrodlffractlon, selected area 

diffraction and lattlce 1 maglng were possible. 

Sernl-quantltatlve analysis of the triple pemts ln a sample whlch showed 

no devltnflcatlon after 100 hours of heat treatment at 1400°C (la) was 

obtalned by energy d Ispers/ve spectrometry (EDS) uSlng a LI N K det€'ctor 

attached ta a JEOL 1200 STEM. The technique allows for the precise 

determ maton of AI, SI and Y contents, and to a lesser degree of accu racy, 0 

and N ln samples However, due to severe overlappmg of the low energy 

peaks (I.e C from the coatmg, and N), seml-quantltatlve results were obtamed 

for the cations (A13 +,51 4 + , y3 + ). 

The method used for quantification was based on the Cliff-Lorimer 

equatlon 90 · 

at %A IJ. (4.9) 
·--=K 
al % B AB lB 

where at.%A = atomlc percent of element A 

at %8 :-: atomlc percent of element B 

KAB = CI!ff-Lonmer or K-factor 

lA =- x-ray mtenslty of element A 

lB = x-ray Intenslty of element B 

The technique, however, 15 based on the assumptlon that the analyzed film IS 

"mflnltely thm", whereby the effects of x-ray absorption and fluorescence can 

be neglected and that the generated x-ray mtenslty leavmg the film are 

Identlcal For more detall about the method and Irlherent errors, refer to Ref 

90 and 91 
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Mullite (3A1203 25,02) and YAG (Y3Als012) standards were used to 

determme the K factor for YIAI and S'/AI The mtegrated mtensltles of the 

cation peaks were measured and, knowmg the K factors, the atornlc ratios 

were then calculated from Equation 4.9 A sample calculatlon IS glven 111 

Appendix C. The Cliff-Lor/mer method was also used ta show the v<:lrlabdlty 

ln z value wlthin a smtered sample, based on the SIIAI cation ratios A sample 

calculatlon is also glven m Appendlx C. 

Since the n Itrogen content ln the glass pockets was below the detectlon 

Iimit and suffered severe overlap from carbon, another method was used ta 

obtain the anion (N/O) ratios of glasses ln as smtered and heat treated samples 

which either showed no devltnflcatlon (la) or partIal devltrJflcatJOn (lIb) 

Triple pOints and grain boundarles of these samples were analyzed by 

electron energy loss spectroscopy (EELS) ThIs technique IS the study of the 

electron energy distribution of electrons wh /Ch have Interactéd wlth the 

specimen. The method allows for sernl-quafltlflcatlon of Ilght elements such 

as 0, and N A software package avallable on the Tracor system, attached ta 

the TEM, allowed for quantification of the anions based on a "best-flt" of the 

curves. For a more detalled study of thls technique see References 8 and 90, 

and 91. 

4.6 MECHANICAL PROPERTIES 

Strength measurements were obtamed for 311 smtered samples Some barc, 

whlCh had been heat treated at 1400°C for 100 hours were also tested These 

were compositions wlthm Senes II whlch had a constant Ilquld content 

Strength measurements of IIIb were also obtalned as th,s composition had a 

slmilar IiqUld content to IIb ln th,s way, It could be determll1ed whether 
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strength IS depe.,ded upon the amount of glass present or the composItIon of 

the glass A minImum of seven bars for each composition were tested. 

Modulus of rupture bars of sintered and heat treated samples were 

prepared as follows The bars were ground ta a final 240pm dlamond finish, 

and the edges bevelled. Four-point testmg was performed at room 

temperature on an Instron Madel 1362 tensde tester A crosshead speed of 

o 5 mm/mm and a load cell of 10 kN were used The expenmental set-up IS 

IIlustrated m Figure 4.9 The sample dimensions were approxlmately 6 mm x 

2 mm x 35 mm, the length of sample under tension (L) was 30 mm, and under 

compression (P) was 15 mm Strengths of the bars (OMOR) were calculated 

accordmg to the equatlon. 

3Pa 
(J =-

\fOR bi 

where P == load 

a == span between the top and bottom blades 

b == sample wldth 

d == sample thlckness 
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Figure 4.9. 

SIDEVIEW 

+ a~ P 

t d 

~ L 

P/2 P/2 

END VfEW 

aMOR = 3Pa 
0cf2 

Schematlc of modulus of rupture loadmg, IIlustratmg 
sample dimensIons, and loading rnethod 46 
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l 
CHAPTER 5 

RESULTS AND DISCUSSION 

5 1 THE SINTER!NG STAGE 

5 1 1 Smtered Densltles and Welght Losses 

Full densification .5 essent.al ln produclng slntered components of hlgh 

strength, smce poros/ty IS a source of crack nucleatlon and therefore provldes 

a mechanlsm for br/ttle failure ta occur The resultlng flred densltles along 

wlth welght losses of the compositions that were studled are glven ln Tables 

5 1-5.3 for Serres I-III ln almost ail cases, the specimens were >95% dense, 

values whlch are fa"/y typlcal for low pressure smtered silicon nitr/de 

Welght lasses upon smterlng were kept below 2%, however, composition 

Ile, whlch had a very hlgh additive content (32 wt. %), suffered severe 

bloatmg due ta decomposltlon of the sllica ln the Ilquld phase, accordlng to 

the reactlon 15 

St N.. + 3SI0'''1 = 6StO +2N) :r ..... 8) ~I \ Ig) :"fgl (5 1) 

The thermodynamlCs of the reaction between SI3N4 and 5102 show that the 

eqUlllbrrum 510 partial pressure at smterrng temperatures "> 1650°C can be 

slgnlflcant 

Volatillzatlon of samples can also be attrr buted to the decomposltlon and 

oXldatlon of SI3N4 These effects were mrnlmlzed through the use of a 

powder bed of a slmJlar composition ta the samples, as weil as the use of a 

sllght overpreSSlJre of nltrogen The Importance of a powder bed ln reduclng 

wPlght lasses was demonstrated by Ekstron et al 92, who found that an 

active powder bed contalnlng constltuents of the specimens (1 e AI, SI, N, 0) 
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r--
1 

------- - ---------------

la lb le rd 

Wt. % additives 11.26 1794 2593 31 97 

Tslnter (OC) 1800 1800 1600 1600 

tSlnter (h) 1 1 1 1 

Flred denslty 3 15 3 19 3 25 3 25 
(g cm-3) 

Relative (%) 965 96 1 973 944 

% Welght loss 08 1 8 1 3 1 3 

pla xl 00 92 100 1 100 95 

Table 5 1 Flred densltles and welght losses for 
compositions wlthln Series 1 

rra IIb Ile IId 

Wt. % additives 11 26 17 99 2449 31 06 

T SI nter (OC) 1800 1800 1700 1700 

tslnter (h) 1 1 1 1 

Flred denslty 3 15 3 18 3 16 3 15 
(g cm-3) 

Relative (%) 965 97 6 965 95 1 

% Welght 1055 08 09 09 1 a 
p!ax100 92 100 100 96 

Table 5 2 FI red densltles and welg ht losses for 
compositions wlthm Senes II 
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ilIa IJib Ule llid TIIe 

Wt % additives 5 41 12 57 19 39 25.93 32 17 

Ts, nter (oC) 1800 1800 1800 1700 1700 

tSlnter (h) 1 1 2 2 2 
-

Flred demlty 2 C)S 3 19 3 28 324 nia 
(g cm- 3) 

Relative (%) 925 99 1 999 99 5 nia 

% Welght 1055 a 3 o 1 a 6 o 1 nia 

{3Iaxl00 100 100 100 95 88 

Table 5 3 Flred densltles and welght losses for 
compositions wlthm Series III (nia not avallable 
due to severe bloatlng) 
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was far rnore effective than using a passive powder bed such as SN smce a 

partial pressure equillbrium between the sample and the bed IS achleved m 

the former. 

Overall, the welght losses suggest that there 15 only mlnor composltlonal 

shift occurnng dunng sintermg and, therefore, the deslred compositions 

were achleved. This IS m agreement wlth Spa cie et al 63 who obtalned 

deslred single crystallme phases upon smtenng only when the welght losses 

were kept below 2% at a slntenng temperature of 1650C-1850°C ln a 

nitrogen atmosphere However, other authors were unable to achleve 

single crystallme phases dunng smtenng: Sanders et al 50 observed welght 

losses as hlgh as 8% m samples smtered at 2140 0
( for 1 hour at 2 5 MPa 

These severe welght losses can be attnbuted to a shlft of the overall 

composition away from the P' -Slalon reglon as a resu It of volatillzatlon, 

desplte the use of a nltrogen overpressure. Furthermore, the boron nltnde 

dises used to separate specimens were not successful ln preventmg welght 

losses slnce convection of volatile speCies IS pOSSible ln the absence of the 

physlcal bamer of a packmg bed. 

5.1.2 Phdses Formed upon 5mtering 

As the alm of thls research work was to produce a two-phase ({~ + YAG) 

system th rough heat treatment, It was essentlal that the smtered sa mples 

contamed only f3 as the crystallme phase plus an amorphous glass prlor to 

devltnflcatlon The presence of any untransformed a-S13N4 leads to a 

decrease Ir mechanlcal strength and toughness due to ItS grain morphology 

81.93. This IS because, as dlscussed ln Section 2 6, a-S13N4 IS equlaxed m naturE' 

whereas ~-SI3N4 15 aClcular The high aspect ratio of 0 grains means that more 

energy IS requlred for crack propagation, producmg a more tortuous 

Intergranuldr crack path 
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X-ray diffraction of the stntered samples showed only one crystalline 

phase, namely p, ln almost ail cases, the exceptions betng la, Id and Ud, 

whlch contamed residual a silicon nltnde « 8 % a). The incomplete 

transformation of these samples IS assoclated wlth volatillzatlon (causmg 

sllght composltlonal shlfts) and/or low slntering temperatures. Ille 

contamed only 88% 13 upon stntertng; in view of this and the fact that the 

sample had undergone severe blcattng, thls composition was not used in 

subsequent expenments 

Spacle et al 63 found that compositions rich tn AI formed small amounts of 

polytYPolds wlth negllglble welght losses, typically 12H ana/or 15R. The 

composition:; used ln thls study contained only a Iimited amount of 

alummum, most of the compositions were close to the Si3N4 corner of the 

phase dlagram shown tn Figure 4.1, and therefore the likelihood of forming 

polytYPolds was minimal 

Other authors23 .41 have reported dlfflcultles m achievlng a single 

crystal/me phase system upon slntering. In most cases, formation of 

crystallme phases other than I3 can be attrtbuted to the followtng: 

). reactlon kmettcs at dlHerent temperatu res. 

2 changes ln thermodynamlc equtlibrrum as a functlon of temperature. 

3 preCipitation of second phases from Ilquids or glass phases on cooling. 

The presence of resldual a-S13N4 tndlcates that the system has not yet reached 

equtllbrrum 41 ln general, as the smtertng temperature is tncreased, the 

more llkely It IS that 13-S13N4 will be the only crystallli1e phase upon srntenng 

slnce transformation of a to 13 15 thermodynamically favorable a't 

temperatures greater than 1400°C (see Section 2.3 4). Although full 

densification can be achleved wlth rncomplete conversion, resldual a 
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indlCates that the fabrication conditions were InSUfflclent to allow 

completlon of thls transformation 82 

The coolmg rate can affect the extent of long-range diffUSion, that IS, 

whether enough tlme IS avallable for Ions to reorganlze mto a structured 

network such as a crystal Hence, the faster the coollng rate from the 

sintenng temperature, the less IlkeJy devltnflcatlon of the glass Ba$ed on 

the theory of glass formation (Section 2 5 1 2), It can be sald that the coolmg 

rate after smtenng was hlgh enough to prevent the crystallization of glass 

Thus, the vlscoslty of the IlqUid phase as It was bemg cooled was hlgh enough 

(due to the presence of N) to prevent the rearrangement of the specles mto a 

structured network Hence, the formatIon and growth of crystals was 

avoided, resultmg m a glass upon coollng of the IlqUid It should therefore 

be possible ta devltnfy thls YSlalon glass If proper heat treatment conditions 

are applled 

ln cases where multl-crystallme phases are present after smtenng, It IS 

impossIble to achieve only 13 + YAG when heat treatmg at temperatures 

below 1400°C. This IS pnnClpally because these secondary crystallme phases 

only become IIquld at temperatures above 1600"( 63 and would therefore 

always be present when the heat treatment 15 carrJed out below thelr 

meltmg pOInts ln ether words, to obtam a two-phase system upon heat 

treatment, only p-Slalon and glass must be present after smterlng It IS thls 

glassy phase whlch 15 su bsequently devltnfled to form YAG 

5.1 3 Z Value 

The extent of alunllnum and oxygen substitution wlthln the SI3N4 lattlce, 

which is quantlfled by the z value, IS determmed mast easlly by measurement 

of the latt/Ce parameters of the unIt cel! through x-ray dlffractlOn.These 

observed values were compared wlth the predlcted values for ail three senes 
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of composlt!ons ln FIgures 5 1~5 3 (The predlcted z values of the 

composItIons were calculated based on the equlvalent percents of Ions rn the 

startlng matenals, a sample calculatlon IS glven rn Appendlx B) 

The graphs (Figures 5 1-53) represent the effect of additive content on 

the z value of each series As was expected, the predlcted z values ln Serres l 

and II show an Increase wlth Increasmg additive content, smce the amounts 

of AI3 + and 02- Ions avallable for substitutIon rncrease wlth addItive 

content (See Tables 4 4~4 6) Throughout Senes III, the predlcted z value 

remalns at zero as these compositions Ile on the SI3N4-YAG tle Ilne 

However, the calculated z values dld not correlate weil wlth the predlcted 

values As seen ln Figures 5 1 and 5 2, most of the observed values (sclld Ime) 

for Senes l and Il were below the predlcted values (dashed Ime); some of 

the hlgher additive compositions wlthrn Senes TIl (Figure 53) had calculated 

z values of upto 1 3, Implylng that these compositions actually do not Ile 

along the SI31\J4-YAG tle Irne It can therefore be postulated that, ln ail three 

serres, the system had not reached equt!r brr um u ndp.r th e SI nterr ng 

conditions used ln the present study 

The substitution of AI and 0 does occur wlthln the silicon nltnde lattlce, 

however the extent of substitution lS not easlly controlled durrng slnterrng 

ln Senes l and II, the calculated z values were below the predlcted data That 

IS, less alummum and oxygen Ions have dlffused wlthm the silicon nltnde but 

remaln rn the IlqUid phase, and hence rn the glass on coolrng 

Compositions wlthln Senes III, on the other hand, show the eXistence of 

AI and 0 wlthln the SI3N41attlce, thls should not have occurred based on the 

calculated startlng compositions and, srnce they Ile on the SI3N4~YAG tle, 

should havt:! resulted ln 13-S/3N4 + glass upon slntenng The fact that Al and 0 

substitution has taken place Implles that the compositions have undergone 
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an equ!llbnum shlft from the startmg matenal and that the resldual glass 

phase is somewhat depleted of AI and 0 

Although many authcrs 54,94 dlscuss the effect of z values on the 

propertles of slalons (1 e wlth respect to gram growth), there Me no reports 

whlch have studled the vanabliity of substitutIon m term~ of transforrnatlon, 

IIquld volume present, and grain size as dlscussed ln this thesis. Lee et al 94 

observed that the z value Increased wlth Increaslng a to 13 transformation, 

however, as the converSion was Incomplete, with sorne samples contalntng as 

much as 95% Q, equlllbnum of the system cannot have been attalned ln 

thelr study, smtenng was performed at 1600 0 (-1650 0
( for anywhere from 1 5 

mmutes to 16 hours Thelr abtllty to rellably evaluate the z value IS therefore 

doubtful The peak tntensltles used for the lattlce parameters as per 

Gauckler 95 for samples contalnlng 2% P would be very low If not 

Irnmeasurable That 15, for 10C% P-SI3N4 the mtensltles of the peaks 

measured ln thls study range from 2-14% of I1Imax, 50 for a sample 

contalntng only 2% {r, these mtensltlflS would be below the detectlon IImlt. 

Also, they based thelr z value on only the c lattlce rather than the average of 

both the a and c lattlce parameters wlthout any apparent JustifIcation for 

thls 

As concluded by Havlar and Johannesen 96, few expenmental details 

about sample preparation, analysls of compositions and unit cell 

determmatlons are ever reported ln Iiterature and so, It IS difflcult to make 

compansons between results of different studles 

52 THE HEATTREATMENTSTAGE 

As outlined in Section 4.1, the three senes of composItIOns were heat 

treated at 11000
( and 140QO( for 10, 20, 50 and 100 hours ln ordAr to 
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establlsh the ideal annealrng conditIons. ThIs heat treatment optlmlzatlon 

was based on the followmg cntena: 

1 the formation of Y3AIs012 (YAG) as the major or, If possible, only 

devitnflcatlon product (determrned by XRD~, and 

2. the maximum devltrrflCatlon ofthe glassy phase to form YAG 

The extent ot devltnf/Catlon was evaluated by a companson of the 

observed amount of YAG formed (by XkD) and the theoretlcal amount 

(based on the startlng compositions and assumlng that complete 

devltnflcatlon to ~ + YAG was achleved) Senes l and III should show an 

Increaslng YAG content wlth 1 ncreasl ng additive conten (, whde Senes II 

should have a constant amount of YAG wlth Jncreaslng additIve content, 

smce the IlqUid content was kept constant 

ln ail cases, the welght losses were mmlmal due to the low annealmg 

temperatures, and It could be assumed that no slgnl flcant corn posltlOnal shi ft 

occurred due to volatllization dunng the process, accordlng to Eq 5 1 

Therefore, the predlcted amount of YAG based on the startmg compositIOns 

was a valld means of assessrng the expected extent of devltnflcatlon 

5.2.1 Welght Losses and Densltles 

Welght changes after heat treatment at 11 OOO( and 1400°C were wlthln 

± 1.5%. Thus, the same argument dlscussed ln the prevlous section tS stll' 

valld and the composItIons should Ile wlthrn the pred Icted area of the phase 

diagram. 

A slight mcrease ln denslty (up to 3% ln some compositions) was also 

observed rn some compositions after heat treatment As dlscussed ln Section 

2.5.2.', crystaillzation of a glass IS often accompanled by a small volume 

change due to speClflc gravit y dtfferences between the crystal and the parent 

glass. In thls case, the denslty of YAG (4 5 g cm-3) 15 much greater than that 
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of a Y-Slalon glass (3 8-40 g cm-3), resulting ln a volume shrrnkage and thus 

an rncrease m the overall denslty. 

A more Important phenomenon assoclated wlth the crystaillzation 

process IS the dlfference between the thermal i..oefflnents (a) of the glass and 

YAG No data IS avallable for the thermal expansion coefficients of a Y

Sialon glass, however Hyatt and Day 73 report that the thermal expansion 

coeffiCient of Y-alumlnosrl/cate glasses ranÇle from 3 Î-7 Ox10-6 (-1, whlch 

would Imply that the values for y-slalon glasses would be sllghtly lower ThiS 

IS because nltrogen will bond tetrahedrally to SI, the overall covalent bond 

strengths ln the glass are stronger 97, leadmg to lower thermal expansion 

The values of a for YAG IS 8 2xl0-6 (-1, wh/ch IS cons/derably larger than that 

of the glass ThiS gradient c~n have deleterlous effects on the mechanlcal 

propertles of the ceramlC, especlally at elevated temperature (see later). 

5 2.2 Phase Formed after Heat Treatment 

Tables 5 4-5 6 Iist the phases present after heat treatment at 1100°C and 

14000
( for the dlfferent annealrng tlmes At 11000

( several crystalline 

phases are formed such as Y2s1207, mulllte, meldlte and YAG; however, ln ail 

compOSItions, these were found ln relatlvely small amounts, e 9 <5w/o for 

composltlonscontalnlng -11w/o additive, and -15w/o forhlgh addltlve(33w/o) 

compositions; thls Implies that ln most cases Iittie of the glass phase had 

crystaillzed It IS therefore clear that thls lower temperature IS Inadequate 

for devltrrflcatlon, especlally for the formation of YAG, and that other 

crystallme phases are more stable at thls temperature 

Thomas and Ahn 98 found that devltrrflcatlon at 11000
( of nltrogen 

contalnmg glasses was at best very slugglsh compared to pure oXlde glasses, 

and attnbuted the slower rates of nucleatlon of the VoS/a/on glass to the 

presence of nltrogen, whlch decreases the tendency for the giass to devltrrfy 
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N 
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la lb le 

1100°C 1400°C 1100°C 1400°C 1100°C 1400°C 

AIS p,a, + p,a p p p+ ~+ 
10h p P P 13, 13 P 

YS trYAG trYAG YAG+ YAG+ 
+ + 

20h p p, P P P P 
YS trYAG YS+ YAG YAG+ YAG+ 

trYAG 

50h B,YS 13, 13 P 13 P 
trYAG trYAG YAG YAG YAG YAG+ 

M+ tr YS + YS+ 

100h {3 {3 {3 
YAG+ YAG+ 

-

Table 5.4. Senes 1 - Phases formed upon heat treatment 
YS- Y2S1207 
YAG - Y3Als012 
M- mellilte 
+ -trace unknown 

Id 
1 

1100°C 140QOC 

p,a p,a 

13 P 
YAG YAG 
YS+ 

P P 
YAG+ YAG 

13 13 
YAG YAG 
YS+ 

{3 
YAG+ 
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rv 
VI 

na IIb ne nd 

1100°C 1400°C 1100°C 1400°C 11000
( 14000

( 11000
( 14000

( 

AIS p,a, + p,a 13+ 13+ 13 13 p,a p,a 
10h .P 13 P P, 13 nIa p p 

1 
YS trYAG trYAG M M M+ 

+ + YS + , 

20h i3 13, P P 13 P 13 P 1 

YS trYAG trYAG trYAG M trYAG M M 
1 + + M YS ... trYAG i 

50h B,Y P, P P P P P P 
trYAG trYAG YS trYAG YS YAG YS+ YAG 

M trYAG + Y,M M 
+ + 

100: _~J p Il Il Il 
YAG YAG YAG 

M M+ 

Table 5.5. Series II - Phases Formed Upon Heat Treatment. 
YS - Y2Si207 
YAG - Y3A1S012 
M - melilite 
+ - trace unknown 
nIa - not available 
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( 11000
( 14000

( 11000
( 1400°C 

13+ 13+ 13+ 13+ 13 13 13 13 pa pa 

13 13 13 13 nIa 13 nIa 13 nIa il 
YS YS YAG YS YAG YAG YAG 

trYAG + Y+ trYAG. 

~ ~ ~ ~ nIa ~ nIa p nIa p 
YS YS YS YS YAG YAG VAG 

trYAG trYAG trYAG trYAG 
+ + + + 

P p, 13 13 13 nIa 13 nia 13 
trYAG liYAG YS YS nia VAG YAG YAG 

M+ + trYAG YAG + 
M -} 

13 13 13 f3 13 
YS YAG YAG VAG 

YAG 
- - _.- -

Table 5.6. Senes III - Phases Formed Upon Heat Treatment. 
YS - Y2Si207 
YAG - Y3A1s012 
M - melrl,te 
+ - trace unknown 
nIa - not available 
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presence of nitrogen, whlch decreases the tendency for the glass to devltrify. 

They reported that 24 hours of heat treatment at 11 oooe resulted ln stable 

crystallrne phases other than YAG berng formed (su ch as Y2Si207 and 

mulllte), as was the case rn the present study. They attrrbuted the formation 

cf these phases to the slow nucleatlon krnetics of YAG at thls low 

temperature. 

The number of phases crystallized at a heat treatment temperature of 

14000
( IS more Ilmlted. In almost ail compositions, YAG was present as the 

major devltrrficatlOn product and was found rn slgnlflcant amounts. Some 

exceptions to thls are la and IIIa whlch showed no devltrrflcation to YAG 

even after 100 hours of heat treatrnent 80th these compositions had low 

additive content and would therefore be greatly affected by any shlft ln 

additive composition. An underestlmatlon of the oxygen content, and hence 

the slilca content (rntroduced by processlng), ln these phases would greatly 

affect the glass composItion. Small changes ln the Si02 content would shlft 

the compositions out of the field of rnterest W + YAG) ln the system The 

effect of thls shlft will ue dlscussed ln a subsequent section (Section 5.6.1.1) 

The presence of muliite ln alumrna-nch c.omposltlons Ile and d and 

yttrium silicate (Y2S1207) ln sorne low additive (llIb) compositions togethN 

wlth YAG can be explarned ln terms of the phase dlagram for the system 

(refer to Figure 2 26) Compositions IIc and d Ile close to the AI303N phase 

and are rrch ln AI203, they would therefore be more Ilkely to form an A1203-

based crystallrne product Composition lib , m whlch Y2S1207 was detected, 

may have had an excess of SI02 present, whlch would shlft the composition 

out of the SI3N4-SI2AI404N4-YAG field and mto the adjacent SI02-nch slde 

where Y2S1207 IS the most Ilkely phase to form. 
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5.3 OPTIMIZATION OF HEATTREATMENTCONDITIONS 

5.3.1 Temperature 

A heat treatment temperature of -1400° IS reqUired to allow fer nucleatlon 

and growth of YAG crystals, at the lower temperatu re of 1100°C, other 

phases (i.e. Y2S1207) wlth hlgher rates of nuc1eatlon and growth than YAG 

will tend to form. The cholce of a hlgher annealmg temperature IS also 

supported by companng the amount of YAG formed al 11000
( and 1400°(, 

shawn m Figure 5 4 At 1400°(, the nucleatlOn of YAG IS vIsible after 0-10 

heurs of heat treatment, whereas at the lower temperature of 1100°(,20-50 

heurs of annealmg IS reqUired for the detectlon of YAG Also, after 100 

heurs at 1400°(, approxlmately three tlmes more YAG IS formed than after 

the same time at 1100°(, 1 e 33wt % vs. 11wt % YAG, respectlvely This 

Improved devrtnflcatlon at the elevated heat treatment temperature was 

observed m almost ail cases. 

Successful crystaillzation of the glassy phase to YAG :n slalom has been 

shown to occur at 140IJO( Greil et al 62 found that wlth solld solutions 

compositions of z = 04-1.5,1 e simllar to the theoretlcal substitution level~ ln 

thls study, crystaillzation was only observed below 1450 0
( whlch IS close to 

the lowest IlqUid composition ln thl5 system45 ,74, and wlth a maximum rate 

of devltnflcatloï'l at B800( Butler et al 54 relate the crystaillzation of YAG 

over Y2S1207 to the level of polytype addition At low substitution levels, 

they found the major crystaillzatl0n product to be the dlsllicate, together 

with a conSiderable amount of resldual gl<:S5, whlle at hlgh levels of 

polytype, the major crystaillzation phase was YAG, wlth a minimal amount of 

resldual glass However, the study IS vague ln that there IS no Indlc.atlon of 

the startmg materlal composition nor the anneallng conditions ThiS 

relatlOnshlp between the substitution level and YAG formation was not 
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observed in this study. In fact, devitrification of the glass to YAG occurred at 

substitution levels from z = 0 up to 1.8. 

5.3.2 Time 

The length of heat treatment tlme determmes the degree of gram 

growth of nucleated crystals within the glassy phase. As discussed ln Section 

2.5.1.1, the volume fraction of glass crystaillzed IS related to time (V <X t i) 

The volume fraction of glass crystaillzed was generally found to Increase wlth 

heat treatment, however, the tlme exponent, whlch ln theorey should be 

0.2'" "aned between 0.06 and 0.5, mdlcatlng fluctuatIons m the rate of 

crysta Il i zatlon. 

Figures 5.5 to 5 "7 show the effect of heat treatment tlme at 14000
( on the 

amount of YAG formed for Senes l, II and III, respectlvely. Compositions 

wlthln Senes 1 show a stabi/lzatlon ln devltnflcatlon after 20-50 hours of heat 

treatment, whereas 50-100 hours are requlred for most of the compositions 

in the other two senes. Therefore, It IS assumed that the system has reached 

equlllbnum ln Senes 1 ln that no more glass will devltrrfy under these 

conditIons Composition la shows sorne devltnflcatlon to YAG after 10 hours 

annealrng, but no YAG formatIon after longer penods of tlme ThiS (an be 

attributed to sample variatIon as on Iy one sample for each heat treatment 

tlme was used for analysls Ali compositions wlthln Senes II and sorne wlthrn 

Senes ID (c and d) do not show slgns of havlng reached equllibnum after 100 

hours as the plateau observed ln Senes Ils non-existent, once agaln thls may 

be due sample to sample vanatlon, but IS more Ilkely because of a non

equ IIlbnum state of the system 

ln summary, It can be concluded that the Ideal heat treatment 

temperature for achlevlng W + YAG) IS 1400°C. The annealrng tlme, 

however, IS composltlon-dependent, ranglng from 50 hours for Senes 1 to 
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more than 100 hours for most of Series il and ID. (these would require longer 

heat treatment times for the system to reach equllibnum). However, after 

100 hours, ail compositions within these two senes contained mamly p and 

YAG, and no other crystalline phases were observed ln slgnlflcant amounts 

(i.e.<S%). 

5.3.3 Z value 

As discussed in Section 2.5.1.4, the devltrifi~ation of the Y-Slalon glass to 

YAG should result ln a decrease in z value as excess SI and N from the glass 

diffuse back into the Si3N41attice, according ta Equation 2.20. Lewis et al. 98 

found th~t the major effect of heat treatment was a decrease ln the overall 

substitution level due ta this diffusion process. However, Hohnke and Tien 74 

found a decrease m lattlce parameters with annealing tlme and attributed It 

simply ta compositional changes in the p phase. 

The variation of the z value with heat treatment time IS dlustrated for two 

of the composItions in Figures 5.8 and 5.9. The extent of substItution varies 

extensively wlth annealmg tlme Even after 100 hours of anneallng, the z 

values do not correlate wlth the theoretlcal values based on compositions 

and assummg W + YAG formation only ThiS randomness ln L value wlth heat 

treatment time was observed in ail compositions Therefore, It (an be 

concluded that the z value cannat be predlcted based on the startlng 

compositions of the samples smce the effect of heat treatment on the extent 

of solld solution Substitution is quite variable, wlth no vIsible trends 

observed. In addition, the Siaion system does not reach equdlbrlum, m sorne 

cases even after 100 h0urs of heat treatment. 
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It must also be emphaslzed that these z values were ba!;ed on one sample 

per heat. treatment tlme, thus sorne vanatlon ln z. value was expected But 

desplte thlS, the z values calculated were much below the theoretlcal values. 

5 4 THE EFFECT OF ADDITIVE CONTENT ON DEVrrRlFICATION 

The extent of devltnflcatlor1, or YAG formation, was evaluated ln terms of 

the additive conten t of the compositions for sam pies heat treated at 1400°C 

for 100 hours Figure 5 10 IIlustrates thls effect. la, the lowest additive 

content of Senes 1, showed no slgns of df~vltnflcatlon, even after 100 hours of 

anneallng. Conversely, Id, a hlgh additive composition, underwent full 

devltnflcatlon after only 50 hours The order of tncreastng additive content 

wlthm thls senes IS la<Ib<Ic<Id. This ascendmg order IS also reflected ln 

the mcreasmg extent of devltnflcatlOn (wt. % YAG formed)1n ail th ree series 

The effect of additive content on YAG formation was analyzed ln terms of 

the aillount of y3 + and AI3 + present (shown ln Figure 5 11) smce these are 

the cations that are requlred ln the formation of YAG (Y3A1s012) Three 

conclusions can be drawn from thls graph· 

the more abundant the y3 + and AI3 + cations, the greater the amount of 

y AG formation IIb contams 21 e/o of these cations and undergoes 34% 

devltnflcatlon, whereas Ile contê.llns 34e/o y3 + + A13 ... , and IS almost fully 

devltnflEd (95%). 

2 The formation of YAG IS mdependent of the amount of liquld phase 

Senes II, whlch has a constant IlqUid volume wlth tncreasmg additive 

content, undergoes slmdar devltnflcatlon behavlour to Senes 1 and II, 

whlch both had Increasmg Ilquld content wlth additive content. 

3 Devltnflcatlon does not depend upon the z value (refer to Section 5.3). 

After heat treatment, no distinct trend was observed ln z values 

- 137 -



100 

Id 

90 

80 

le 

70 

60 
lb 

% YAG 
cale 50 

... 
theo 

.. . . . . . . . . . . . 
40 

. . . .. 
. . . • • • I!I •• . . . . . . . . 

lB· •• 

30 

. . . 
20 

lB . . 

10 
la 

0 

0 10 20 30 40 50 60 70 80 90 100 

Heat treatment tlme (h) 

Figure 5.10. Effect of heat treatment tlme at 14000
( on the 

extent of devltnflcatlon of glass to YAG 

- 138 -



110 

100 

90 

80 

70 

% YAG 
cale 60 theo 

50 

40 

30 

20 

10 

0 

0 

Series l 

. Senes II 

. . 

:oy 
/ 

Senesill / 

1 

/ 
/1 

, 
5 10 15 20 25 30 35 

e/o AI3 + + y3 + 

Figure 5.11. Effect of AI3 + + y3 + on devltrification of YAG 
at 14000

( for 100 hours. 

- 139 -

40 



Therefore, the z value cannot be related to the devltnflCatlon process 

smce there IS no correlation between the klnetlcs of crystaillzation and 

the extent of substitution (see Figures 5 8-5 10) 

The thJrd conclusion 15 ln dlsagreement wlth some authors Greil et al 62 

found that the total amount of crystaillzed glass was strongly dependent on 

the l3' -solld solution composition They found that devltnflcatlon of the glass 

to YAG was accelerated by mcreaslng the AI and 0 content of the solld 

solution composition Also, Butler et al. 54 related the c.rystaillzation of YAG 

wlth IIttle resldual glass to hlgh substitution levels, but as mentloned earller, 

the report 15 amblguous ln terms of heat treatment conditions There are no 

other reports avallable whlch study the effects of composition on 

devltnflcatlon to YAG Thus, a corr.parlson of results IS not feaslble 

5.5 GRAIN MORPHOLOGY 

The microstructures of slntered compositions were studled by scannlng 

electron mlcroscopy Low additive content samples were found to have 

larger and more aClcular grains than hlgh additive content compositions 

whlch were more sphencal ln nature (Table 5 7) ThiS 15 seen when 

companng la (11w/o additives) wlth Id (32w/o additives) shown 111 Figures 

5.12 and 5 13, respectlvely The grain structure of fa IS hlghly aClcular ln 

nature, wlth an average grain slze of 0 7 !-lm, as opposed to Id whlch shows a 

more equlaxed and fmer structure, wlth an average grain slze of 0 31lm ThiS 

dlfference ln morphology can be explalned pnmanly by the dlfferences ln 

slntenng conditions la was slntered at 1800"( while Id was smtered at a 

lower temperature of 1600°(, bath for 1 hour The hlgher slntermg 

temperature allows for a decrease ln the VISCOSlty of the IlqUid and a hlgher 

diffusion rate for precipitation and grain growth of D-$13N4 It would also 
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$Intering Ave. Gram 
Composition Temp. Size Morphology 

(OC) (pm) 

la 1800 0.7 5 

lb 1800 0.6 4 

le 1600 0.3 2 

Id 1600 03 2 

lia 1800 07 5 

IIb 1800 05 5 

Ile 1700 04 3 

lld 1700 04 3 

IlIa " 1800 0.7 5 

IIlb 1800 07 5 

IIIe 1800 07 5 

IIId 1700 05 2/3 

IIIe 1700 05 2/3 -
Table 57. Partlele morphology of sintered 

compositions 1 = equlaxed, 2 = 
equlaxed/aCicular, 3 = aCieular/equiaxed, 
4 = aClcular,5 = hlghlyacleular, 

- 141 -



Figure 5.12. Microstructure ofIa, contammg 11w/o additives. 

J 

l11m 

Figure 5 Î 3 Microstructure of Id, contamrng 32w/o addItIves 
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1 follow that the low additive compositions would have a higher strength than 

the hlgh additive content compositions, as the morpho:ogy of the former IS 

more deslrable ln terms of Improved mechanlCal propertles 

The observed mcrease ln gram Slze wlth smtenng temperature 15 m 

agreement wlth Ekstrom et al. 92 who found that at low slntenng 

temperatures (1600°C), the gram slze was smaller and more eq Ulaxed than at 

hlgh slnterlng temperatures (1800 0
(), where the presence of larger 

elongated grains wlth hlgh aspect ratios predommated Tanl et al. 99 also 

observed an Increase ln grain size of hot pressed SI3N4 wlth Increaslng 

smtenng temperatures' the grains grevv to 5, 20 and 40 pm at 16000
( (2MPa), 

19000
( (3MPa) and 2000 0

( (4MPa), respectlvely, but mamtained the same 

aspecl ratio of - 10 

5 6 TRANSMISSION ELECTRON MICROSCOPY 

ln the prevlous sections, the effect of heat treatment on vanous 

compOSitions was studled on a macroscoplC level; the phases present, the z 

value, and the extent of devltnflcatlon were obtalned on bulk samples by x

ray diffraction However, detaded chemlcal mforméltlon and mlcrostructural 

characterlzatlon can only be obtalned by transmiSSion electron 

mlcroscopy100 ln the present study, a combmatlon of mlcroscopy and 

analysls techniques (TEM, STEM, EDS and EELS) were used It must be 

emphaslzed here that electron mlcroscopy Involves the analysls of very small 

volumes of samples whlch may not always be representatlve of the bulk 

sample Also, EDS results obtamed are at best seml-quantltatlve due to 

Inherent errors ln the technique (1 e absorption, overlap) For a more In

depth analysls of errors see Reference 90 Thus electron microscopy 
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· , 

l techniques used m thls study were only to substantlate results obL11ned by 

bu Ik analysis of the samples 

5 6.1 Analysls of the Devltriflcatlon Process 

Three groups of samples (Table 58) were studled by TEM, bascd on the 

Sample 

la 

Ilia 

lib 

IIlb 

Id 

Table 5 8 

TheoretJcal (alculated 0'Ô 

wt % YAG wt % YAG Devltnfled (by XRD) 

143 a a 
14 a a a 
146 7 34 

25 6 2 3 1 1 

32 8 328 100 

TEM samples studled based orl 
extent of devltrlflcatlon 

extent of devltnflcatlon that occurred after 100 hours at 1400"(, tht.-'y were 

(1) samples whlch showed no devltnflcatlon (la, IlIa) 

(II) samples whlch were partlally crystaillzed (IIb, IUb) 

(III) samplp.s whlch were fully devltrlfJed to YAG (Id) 

As was seen ln Section 54, the extent of devltnflcatlon was uependcnt 

upon the amount of additives present Low additive composition'.. 'lhowed 

peer devltnflcatlon whlle these wlth hlgh additive content were fully 

devltnfled. Therefore, hlgh resolutlon electron (HREM) WiJ,> used to 

determme the dlfferences ln sample composition and mlcrO'ltructural 

rrlorphologles whlch result ln dlfferent degrees of devltnflcatlon 

Some authors 61,102 have postulated ',hat devltrlflcatlon of gla~r) pockcts 15 

dependent upon the slze of the pockets Falk and Dunlop 61 founu that ln 

samples heat treated ln air at low temperatures, smaller glass pockets dld not 
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1 either wollastonlte and Y2SiOS after 6 hours at 1100°(, or N-apatite and 

Y2S1207 after 24 hours at 1200°C. At higher temperatures (14000
(), where 

the predominant crystallJzatlon phase was Y2S1207, they found large volumes 

of glassy phases remalnmg ln the sample, the presence of whlch they 

attnbuted to the formation of a liqUid phase wlthm the S102-Y203-A1203 

system durmg devltnflcatlon It must be emphaslzed that these heat 

treatments wf're done m an OXldlzlng envlronment rather than an mert 

atsmosphere as ln the present study. This may account for the fact that no 

YAG WilS formed under any clrcumstances ln air. Furthermore, no IlqUid 

phase formation was observed ln thls study durmg the devltriflcatlon of YAG. 

Also crystalillation of the glass to YAG was not found to be dependent on 

pocket Sile Rather devltnflcatlon of glass pockets seemed to be more 

envI ronment-dependent (see Section 5 6.1.2). 

56. 1 1 Poor Devltrdlcat/On 

Figures 5 14 shows the typlcal hlgh resolutlon microstructure of a low 

additive slntered sample (IlIa) The hexagonal nature of the Si3N4 grains IS 

very clear, also, there IS qUlte a large range of gram slzes observed, from 

0.711m down to 0 1 pm whlch may be elther not fully developed preclpltated 

p grains or more probably a sample thlnnlng artlfact These grains are aiso 

completely wetted by the Y-SI-AI-O-N glass phase, wlth pockets formmg at 

the tnple pOints The gram boundary phases are undoubtedly glass as their 

diffraction patterns are typlcal of an amorphous phase, wlth the diffuse rings 

(Figure 5 15) The Sile of the glass pockets IS also vanable 

Nelther IlIa nor la underwent any detectable devltnflcatlOn Energy 

dispersive spectroscopy (EDS) of la as slntered matenal showed very high SI 

content ln the glass pocket (Figure 5 16, Table 59). Implymg that these 

glasses, whlch are nch ln SI02, and therefore would be harder to devltnfy 
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Figure 5.14. Microstructure of IIIa, contaming 5w/o addItives. 

Flgu re 5 15 Selected area diffraction of glass pocket. 
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The chemical compos:"'.ion of the heat treated glass pockets (Figure 5.17. 

Table 5.9) were comparable to the as smten:d glass pockets, wlth 

composltional variation from poeket tel pfJcket Indlrat!ng that neat 

treatment had very !lttle effect on the gram boundary phases. Once again, 

these were very high ln silicon, and explam why crystalhzatlol"l w.as not 

attainE'd. 

Smce the starting compositions vIere carefully controlled, thls excess SI or 

SI02 detected by EDS must have been introdUŒd during processmg ln the 

form of surface oXlde on the powders. ~.'5 the ddditive conten t of la and rn~ 

is very low (11 and 5wL%, respectlvely), a few pf:rcent eXC2SS 5!02 would 

have a far greater effect on the glass composition than ln h'gh additive 

content samples. This, therefore, e>~plains the lack of devltnficatlon ;n the 

low additive compositions. 

The bellef that pocket size has an effect on devltnfication, as proposed by 

Raj and Lange 1 01 and Falk and Dunlop35 was not c,;bserved here, smte no 

crystalline pockets were found, Irrespective of siz(~. There1ore, the lack of 

devitrification in these low addItive sarnpies tS pnrflanly explamed by the 
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crystallme pockets were found, Irrespectlve of size Therefore, the lack of 

hlgh SI content of the grain boundary phase stablllzlng the glass wlth 

msufflclent amounts of Y, AI and 0 belng avadable to form YAG 

The compositions of the glasses (Table 59), Ile wlthlll the gla<,'i-formlllg 

reglon shown ln Figure 5 18, and are far away from the deslred YAG phase 011 

the Y203-A1203 tle lme. Therefore, devltnflcatlon of these glasses to Y AG IS 

not feaslble 

5.6.1.2 Partial Devltnflcatlon 

Compositions whlch showed partial devltnflcatlon were studled to 

determme where crysta!lIzatlon occurred, 1 e whether YAG formatIon was 

deper;dent on SI3N4 gram Sile or tf-)e size of pocket or whether It was due to 

composltlonal vanatlon wlthm the sample 

Figure 5 1915 a m',:rograph of a general area wlthm a moderate additive 

content composition (IIb) whlch was annealed at 1400?C for 100 hours ED5 

of the pockets wlthm the reglon was performed to determlne whether or not 

the pocket was crystallized to YAG Crystaillzed reglons are hlghllghted on 

the figure Ail pockets were found to be devltrlfled to YAG, thereforc, 

crystaillzation was vlewed as bemg Independent of pocket slze EDS WJS 

also perf0rmed on the area adlacent to the one illustrated ln Figure 5 19, élnd 

15 shown ln Figure 5 20 Although some YAG pockets were found, glass was 

Identlfled wlthm most of the reglon Once agalll, the pockets whlch dld not 

devltnfy were of variable Slzes. 

It can therefore be contluded from thls that devltrlflcatlon of glass occurs 

III 10caIJzed areas Composltlonal variation e)(lsts wlthln reglons of the 

sample, whereby crystaillzation of only certain pockets of the nght chemlcal 

composition will occur One explanatlon to account for thls composltlonal 

variation wlthm the sample 15 mhomoqeneous mlXI ng of the startlng 
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Figure 5.18. Glass compositions determined by EDS of as
sintered (0) and heat treated (x) compositions. 
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Figure 519 Microstructure ofIlb showmg cry~talilled YAG 
pockets 

1 

Fig u re 5 20 M Icrostructu re of II b showlrl 9 c.ryS~d i I,?(:d 'rI j.. G 
pockets 
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matenals This eould result m glass poekets whlch are Ficher ln SI and hence 

harder ta devltrlfy than those wlth low SI content. In the heat treated 

samples, the glass poekets whlCh dld not devltrtfy to YAG were generally 

found ta be qUlte hlgh ln SI, wlth the amount of Y and AI betng qUlte 

variable The Influence of glass composition on the ease of crystallization 

was also observed by LewIs et al 99, who found that silicate Ilquld of hlgh 

viseositles, 1 e hlgh SI, as m thls study have hlgh VIScosltles at temperatures 

below the the equtllbn u m Itq u Idus for the garn et ph ase and req u Ire 

prolonged heat treatment for crystaillzation 

Another ftndtng whlch supports the bellef of composltlonal variation of 

the IIqUld phase IS that the AllO content wlthln the SI3N4 lattlce varted from 

gram to gram, as seen ln the EDS results ln Table 5 10 ln the two p grams 

AI SI z value 

J3- S1 3N4 1 1 5 2 4 

J3- S1 3N4 1 3 6 1 3 

Table 5 10. Variation m z value 
wlth {3 grains. 

analyzed, the z value varled from 1 3 to 24 This would suggest that the 

Irquld surroundtng the 13 grams was not homogeneous, bemg ncher ln AI and 

o m some reg/ons, and therefore more avaliable for substitution On the 

other hand, 5mtered glass reglons whlch are AI and 0 nch would be more 

favored ta form YAG on annea 1 mg Th IS vartatlon ln Ilquld composition IS 

poss/bly due to the slmtlar partlcle sizes of the startmg materlal, wh,ch after 

mlxlng. eould concentrate m areas 50 as to produce poekets or -3reas whlCh 

are rlCh ln Al (and others rlch ln Y) The large avadabillty of AI would 
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therefore result ln a greater su bstltutlon wlthln surroundrng P' grains 

Conversely, liquld areas whlch are nch rn Y, for example, would tend to result 

ln low substitution of AI rnto nelghbounng W grains 

Composltlonal rnhomogenelty of ~ grarns was also observed by Bonneil et 

al. 103 They found that the AI content of small ~ grains was lower than thJt 

of the large grains and attnbuted thls variation to dlfferences ln equrllbrlum 

rates of the grains That IS, the smaller grains, wlth a hlgher surfaee-to

volume ratIo, equdlbrate faster than the larger grains as the saJ11ples cool 

Also, the rnltlal glass COmposition, whlch IS AI nch, will be compatible wlth a 

hlghly substltuted silicon nltnde As AI continues to be absorbed rnto the 

S13N4, the glass becomes less rlch ln AI and will be ln local equdlbrlum wlth 

SI3N4 at a lower AI content The authors assumed that the largest grains 

were the first to nueleate, and therefore had the hlghest AI content 

It IS generally belleved 65 that YAG forms as a single crystal around the 

SI3N4 grarns Gretl et al 62 reported that after crystallizatlon, single YAG 

reglons could be detected at tnple pOints They determlned that durrng the 

devltnflcatlon stage, only a few YAG nuclel grow, resu Itlng ln large single 

phase reglons of YAG havrng the same orientation, su ch that the tnple pOll1ts 

were ail Interconnected LeWIS et al 99 also found that over very large 

electron-transparent areas (10-30 p gram dlameters) the garnet phase had a 

constant crystallographle Orientation Thus, few nuclel form wlthln the large 

volume of matenal, these nuelel are belleved to be mternal mlcroeavltles 

ratherthan p'-glass Interfaceswhleh result from a composltlOnal rnfluence 

The formation of Single garnet crystals ln large areas of sample was also 

observed ln thls study Figure 5 21 shows the general area of p + YAG, 

selected area diffraction (SAD) of the devltnfled reglons shown ln Figure 
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Figure 5.21. Crystallized YAG pockets aroundf grain, showing single crystal formation: 
(a)-(d) selected area diffraction 0 YAG pockets showing same orientation. 
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5.21 (b-d) show the pockets to be of the same onentatlon, and that the YAG 

forms as a single crystal around the p grain 

5.6.1 3 Fully Devltnfled Sampfes 

Compositions whlch showed full devltrlflcatlon as verlfled by x-ray 

diffraction were also studled by HREM (Id, IId) It IS generally accepted (Falk 

& Dunlop)61 that an amorphous phase always remalns along the grain 

boundary Interfaces of grams This was also observed ln the present study 

where even m fully devltnfled sampl~s, an arnorphous gram boundary phase 

was always present, as seen ln Figure 5 22, (the glass band IS hlghllghted by 

white arrows) HREM of two adjacent SI3N4 grams show that the lattlce 

fnnges almost go up to the edges of the grain but are separated by an 

amorphous band '-2 nm thlck 

Petzow and Greil 104 reported that gram boundanes and morphologies 

were dependent on the amount of Ilquld phase present The grain 

boundanes of compositions whlch had a large Ilquld volume were stralght, 

whereas ln low Ilquld content structures, the grain boundarres were typlcally 

curved and overlapprng This was not seen m the samples studled here Little 

dlfference ln grain boundary characterlstlcs 15 observed between lIa (Figure 

5 23) which contams 11w/o additives, and IId (Figure 5 24), wlth 32w/o 

additives 

Devltrrflcatlon of the Y-Slalon glass to YAG was found to be prlmarrly 

dependent on composition ln sam pies wh Ich showed no devltrr flcatlon to 

YAG, the glasses were found to be extremely hlgh ln SI (a glass-stabrllzer), 

belleved to have been Introduced durrng powder processlng ln partlally 

devltrlfled samples, crystaillzation of the glass was composltlon- f ~ ;~pendent 

ln that crystaillzation of YAG occurred ln dlstmct areas, and was Independent 
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50 nm 

Figure 5 22 HREM of 13-13 Interface separated bya thin 
amorphous band. 
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Figure 5.23. Low additive composition showtng stralght 
grain bound-3ry edges. 

Figure 5 24 Hlgh additive composition showmg stralght 
gram boundary edges 
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1 of pocket size ln fully devltnfled samples, an amorphous grain boundary 

phase always remamed between the ~-~ and ~-YAG Interfaces. 

5.6 2 EE LS Analysis 

As dlscussed 1 n Section 5 1 3, sorne authors believe that heat treatment of 

siaions results m the diffusion of SI and N from the glass back into the Si3N4 

g ra 1 ns E E LS a n a Iysls of two as-sI nte red and heat treated sa m pies 

1400°(/1 OOh (lIa and IIb) uneqUivocally show the presence of N m the glass 

phase after annealmg (Figures 5.25 and 5.26) Both compositions contamed 

substantlal amount of nltrogen wlth respect to oxygen, upon heat treatment 

(Table 5 11) Although It was not possible to establlsh the atomic ratios of ail 

na 

lIb 

Table 5 11 

AS SINTERED HEATTREATED 

0 N 0 N 
(e/o) (e/o) (e/o) (e/o) 

97 3 36 64 

46 54 46 54 

An Ion ratios ln as smtered and 
heat treated samples 

the elen.ents, the anion ratios (N'O) ln Table 5 11 do show up to 64e/o Nin 

one of the samples. It can be sald that heat treatment does not allow for the 

total diffUSion of SI and N back Into the SI3N4 lattlce, leavmg a glass 

contalnlng only Y, AI and 0 Nltrogen does eXlst ln the glass phase after 

slnterlng, as was observed by other authors ln bulk glasses 68-72 Dunng 

Ilquld phase slntenng, the SI and N from a-S13N4 dissolve ln the Ilquld phase 

and repreclpltate as P-SI3N4, thus, the presence of resldual N ln the glass IS 

not unusual 
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5 7 MECHANICAL PROPERTIES 

As revlewed m Chapter 2, the gram structure of a matenal gre,atly 

Influences It5 mechanlcal propertle5 ln general, a more aClcular grain 

structure 15 deSired over an equlaxed morphology as crack propagation IS 

more difflcult ln the former More Important/y, the room ternperature 

strength depends on the volume and nature of the gram boundary phase If 

the gram boundary phase IS a glass, then the strength will be pnrnarily 

dependent on the volume fraction of glass present On the other hand, 

crystalilzatlon of the gram boundary phases will result ln a lowerlng of the 

room temperature strength, but improved hlgh temperature creep 

remtance 

Room temperature strengths of ail slntered compositions are Iisted ln 

Table 5 12 The results (Figure 527-5 29) show a general decrease ln 

strength wlth mcreaslng additive content Composition la, whlch contamed 

-11wt On addtlves, had the hlghest strength (602MPa) IIIb, wlth a simllar 

amount of additives (-13wt %) had a comparable strength of 596MPa The 

lowest additive composition, IIIb (-5wt.%) had a lower strength than la and 

IIlb This decrease can be explamed by the fact that thls composition only 

achleved a rela tlve denslty of 92 5%, compared wlth 96 5 and 97 8% for la 

and IIIb, respectlvely Thus, resldual pores wlthln the microstructure of IlIa 

aet as ent,cal defects and lower the strength of the matenal. Pugh et al 81 

classlfled resldual pores as (a) agglomerates causmg dlfferentlal shrmkage, 

(b) pores resultmg from burn-out, and (c) denslty mhomegeneltles leadlng to 

poor smtenng 

The general decrease m strength wlth additive content IS attnbuted to 

the larger volume fraction of glass present As dlscussed m Section 2 6, the 

glass IS weaker than the parent ~-SI3N4, and ItS volume wdlm turn affect the 

- 161 -



1 

Sample cr 
(MPa) 

la 602 

lb 565 .,.._.-
le 

. 
536 -- --

Id 453 

TIb 545 

TIc 483 

TId 498 

ma 488 

IDb 596 

IIIe 633 

llId 555 

IDe 365 

Table 5.12. Average room temperature strength of 
as-smtered compositions 
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Figure 527 Effect of additive content on '-oom temperature 
strength for Series 1. 
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Figure 5.28 Effect of additive content on room temperature 
strength for Senes II. 
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Figure 5.29 Effect of additive content on room temperature 
strength for Senes III 
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resultmg strength of the matepal. This decrease III strength wlth glas~ 

content was also observed by Das and MukerJl 80 who showed a slmdar 

detenoratlon ln strength wlth glass content. 

Figure 5 30 shows the strength dlfferences between a<; smtered and 

heat treated samples. It IS clear that heat treatment has a deletenous effect 

on strength for ail compositions studled The percent decrease m strength 

generally Increases wlth additive content la (11wt 0/0) showed a 5~0 

decrease, wh de the strengths of IJb (18wt % )and Ilc (25wt %) decreased by 

-65% 1 and Ild (32wt. %) a 40% red u ctlon As ail the compositions wlthln th,s 

senes had an equal theoretlcal amount of Y AG (14 6wt %), thls dlfference ln 

strength reductlon IS assoclated wlth the amount of VAG cry~taillzed TUb, 

ofslmllar additive content ta la, showed a slmliar reductlon of strength upon 

heat treatment The strength decreased from 596 MPa ta 515 MPa ( a 10% 

decrease), wlth no devltnflcatlOn of the glass observed 

FIgure 5.31 shows the effect of devltflflcatlon (or YAG content) on 

strength la showed the hlghest strength ln the series of heat treated 

samples; no YAG was deteeted (0% devltrlflcatlon) ln the compositions wlth 

heat treatment, thus the gram boundary phase remamed a glass, and dld not 

greatly affect the strength (only a 5% reductlon m strength wlth annealmg 

was observed) A slgnlflcant decrease ln strength was observed ln IIb, whleh 

was 34% devltnfled· the strength dropped from 573 MPa (as slntered) to 158 

MPa Thus th IS dramatlc dl2crease m strength wlth heat treatment IS Imked ta 

the crystalllz0':lon of sorne glass pockets to YAG IIe a'ld IId showed slmdar 

decreases ln strength wlth heat treatment, however, a sllght Increase ln 

strength wlth mcreasmg devltnflcatlon was observed IIb, whlch contamed 

34% YAG had a strength of 158MPa, The strengths of Ile (54% devltnfled) 

and IId (95% devltnfled)were 178 MPa and 242 MPa, respectlvely ThiS sllght 
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mcrease m strf'ngth wlth devltnflcat/On (an not necessardy be assoclated wlth 

YAG formation Rather, It IS most probably due to the more refmed grain 

structure observed wlth the hlgher additive compositions As dlscussed ln 

Section S 6, the gram size was found to decrease wlth mcreasmg additive 

content, due to the lower smtenng temperatures used Thus, IIb had an 

average gram size of 0 511m,whlle Ilc and d a gram slze of 0 4pm 

The slgnlflcant drop m strength wlth the formation of Y AG 15 assoclated 

wlth property changes whlch occur durmg devltnflcatlon of the YSlalon 

glass As dlscussed ln Section 2 5 1 3. crystaillzation of a glass IS most often 

accompanled by slgnlflcant changes ln the thermal expanslor coefficients 

and demltles Greil et al 62 found that resldual stresses ,nduced by the 

drfference ln thermal expansion of p-Slalon (3 3 x 10-6-(-1) and Y AG (8 2 

x 10-6 '(-1) result Irl stresses at the YAG-W Interface that are not totally 

relleved as 15 the case of the partlally crystaillzed materlal Lee et al 105 

stated that the volume change assoc1ated wlth crystaillzation (between the 

glass and the crysta/llne phase) Imposes â stram on the SI3N4 grains, 

deforrlllrlg them Jnd causmg dislocations to fcrm ln thelr work, they found 

that extendlng the heat treatments tended to reduce the dislocation 

densltles brought about by the crystaillzation due to the denslty dlffer:nce 

of Y2S1207, probJbly through anneallng No reglons of hlgh dislocation 

dem/tles were observed III the heat treated samples, nor were they expected, 

Sl/lce the samples under study were too thlck to make such observations, 

areas where these are typlcally seen must be extremely thln However, the 

formation of YAG IS thought to result ln the formation of mlcropores 

brought on by the dlfferences ln thermal expansion coeffiCients between the 

~ grains and the YAG 
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Bonneil et al 65attnbuted strength reduct/on upon crystaillzation to hlgh 

resldual stresses developed due to thermal expansion mlsmatch betweel1 

SI3N4 and the garnet phase They proposed that cracks could develop 111 

reglons of concentrated tenstle stress, causmg the observed deut?<.1se\ 111 

strength and toughness However, they were unable to dlstll1gUlsh between 

the contribution to thls by the morphology of the grams and resldu~)1 stre,>sc<, 

Imposed by the assoclated volu me change upon crystaillzation 

Hayashl et al 52 observed a :;Imllar decrease ln strength UpOI1 

devltnflcatlon ot the glassy phase, and attnbuted thls degradatlon to 

changes of speclflc volume of the grain boundary phases and the dlfferer1u~ 

of thermal expansIOn coeffICIents between SI3N4 and crystalllZcd pha,>cs 

They found strength decreases of -'9~o wlth devltrdlcatlo fi prl rnarily to 

meldlte and a 23% reductlon wh en the major devltnflcatlon phClSC W<l<, 

YSI02 N -

As dlscussed ln Section 2 5 " the devltrlf!catlon of glas':> 1'> Jho 

accompanled by a dlfference ln denslty between the crystaillne phase and 

the parent glass The denslty of YAG (4 55g cm- 3) IS slgnlflcantly hlgher than 

that of the YS,alon glass (-3 9g cm- 3), thus ItS formation IS accornpcHlled by d 

substantlal volume change ('7~ô) It 15 p05tulated here that as the YAG IS 

crystaillzed, the shnnkage assoclated wlth ItS formation IS so great thr.Jt the 

YAG crystals formed are no longer bonded to the parent SI3N4 (jrZJJrls 

Rather, the crystalsslt at the triple pOints, bemg supported by surrourldJr1Cj I~ 

grains (Figure 532) As the volume shrmkage assoclated wlth the formation 

ofYAG from the glass 1550 great, It 15 hardly 5urprlSmg that the YAG becomes 

detached from ItS nelghbourlng SI3N4 grains 

Few YAG uystals were Identlfled ln the thln section of the TEM samples 

The maJonty of them were found nestled ln among r~ grains, as ln Figure 

- 170 -



Figu re 5 32 Schematlc of Y AG pocket supported by p grains 

533(a) Since the YAG crystals are thought to be supported by surroundmg p 

grains, overlap of the YA'::J over the {3 gram should eXlst Figure 5 3 3(b) shows 

the lattlce frlnges of YAG overlapplng the ~ gram to tr,e nght of It This 

lattlee fnnge overlap was Identlf/ed ln numerous triple pomts 

5 7 1 Mlcropore Coalescence 

As dlscussed above, It was found that upon devltr/flcatlOn of the glassy 

phase, the YAG crystals formed become detached from the p matrlx It 15 

sugge~ted that rnlcropores are formed wlthln the grain boundary pha:le due 

to the specifie volume change assoclated wlth the crystal11zatlOn of YAG from 

the glas,> These pores, ln turn, will act as flaws whlch weaken the grain 

boundary phase "uch that under an applled stress, the pores will coalesce and 

Jct d~ a path for crack propagation A slmliar effect 15 observed ln ductile 

metals, and 15 called rnlcrovold coalescence 106 Thus, the overa!l effect of 

thle; mlcropore coalescence 15 a deterloratlOn ln the room temperature 

strength of the silicon nltnde, as was observed ln thls study devltnflcatlon of 

the glasslead to a decrease ln strength of up to 40~'o 
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FIgure 5.33. (a) general mIcrostructure of heat trcated IIb 
(b) HREM of YAG and ~ overlap. 
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572 The YAG Phase 

Some authors 99 have proposed that the yttrium alumlnum garnet phase 

eXlsts as an oxynltnde, Y3(SI,AI)5(O,N)12, they based thls substitution on EDS 

results, whlch showed the presence of SI and N wlthln the garnet phase It 

has been suggested 11 that any replacement of oxygen by nltrogen ln YAG IS 

extremely Ilmlted What was probably observed, ln most cases, was the 

overlap of YAG wlth P', as observed ln thls study' when x-ray analysls was 

performed on the YAG crystals (Figure 534), SI and N were also detected, 

slnce there was Interference, 1 the EDS analysls from the underlYlng {3' grains 

(as ln the schematlc shown ln Figure 532) It IS suggested that the eXistence 

of SI and N ln YAG prevlously observed 15 due to thls phenomenon. Butler et 

al 54 also detected )1 and N ln EDS analysls of YAG crystals, but they dld not 

suggest thelr substitution ln the garnet phase However, they dld not offer 

any explanatlon for the presence of SI and N ln the YAG 

As dlscussed ln Section 561 3, an amorphous grain boundary phase 

always remams between ~/f3 grams, however, no reports deal wlth the 

presence of resldual glass between YAG and p grains at trIple pOints Butler 

et al 54 proposed that at a cntlcallevel of polytype addition, YAG grows Iflto 

the glassy phase and excess silicon and nltrogen diffuse Into the f3' phase, 

resultlllg ln a microstructure of P' and YAG Figure 5 35(a) IS a HREM of a 

YAG crystal partlally attached to the adjacent B gram Lattlce fnnges of the 

YAG clearly rneet those of the p Ifl the top part of Figure 5 35(b), wlth no 

glass detectcd Thus, ail of the SI and N present ln the triple potnt prlor to 

devltrlflcatlon to YAG dlffused Into the surroundmg p grains upon 

crysta Il i zatlon 
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Figure 5 35. (a) bnght-field Image of lIb, the tnangu lar gram 
belng YAG; (b) HREM of YAG/S'3N4 overlap 
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CHAPTER 6 

CONCLUSIONS AND TOPles FOR FURTHER RESEARCH 

This research wOIk mvolved the systematlc study of gram boundélry 

control m slalon systems, by cornposltlonal control of the gram boundary 

phase and crystallizatl.Jn of the glass to a refractory phase Three sertes of 

co m pOSltl 0 n~ wlth vary' n9 add Itlve co ntents vvere SI nte red to n ea r 

theoretlcal denslty; no crystaillzation of the gram boundary phase was 

observed on coolll1g from the smtenng temperature Dd~erent annealmg 

conditions, 1 e heat treatrnent tlmes and temperatures, were then applled to 

maXlmlze devltnflcatlon of the Y-SIAl ON glass to Y3AI sO 12 

6.1 CONCLUSIONS 

6.1.1 Achievlnq W+YAG 

(1) Composltlonal control of the startmg matenals IS ec:.sentlalm .3chlevmg 

a two-phase system of B and glass upon slntermg, wlth complete Cl ta 1\ 

transformation 

(il) The extent of AI and 0 substitution wlthm the Sl3N4lattlc€ could not 

be predlcted 

(III) A heattreatmenttemperature of -14000
( 15 requlïed to crystaillze the 

amorphous YSIAION glass to tht~ stable Y3AIs012 (YAG) phase Lower 

anneallng temperdtüres result ln the form.3tlon of other pha,>es smce 

they have htgher rates of nucleatlon and growth and are more 

thermodynarnlcally stable at that temperature 

(IV) The extent of devltntlcatlon to YAG 15 dependent on the composition 

of the glass For full crystaillzation hlgh Yl + and AI3 + contents are 

requlred The 51 4 + content must be mlnlrnlzp.d as It tends to stabll!le 
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the glass, makmg devltrtflcatlon dlfficult. Thus, compensation for 

silicon and oxygen m the startmg matertal (surface 5102 on SIJN..l) and 

due to oXldatlon dunng processlng of the powders are reqlmed 

(v) The crystaillzation ot YAG IS fOLJnd to occur ln locallzed ùre,),:> and IS 

thought to be due to poor dispersion of the additives, resultmg ln 

mlcro-composltlOnal variations from reglon to reglon ln the 

microstructure. 

{'JI) The resldual glass pockets whlch dld not devltnfy were found to be 

high ln silicon Nltrogen was also present ln the glass phase aflcr heat 

treatment, Implymg that diffusion of SI and N from the glass to IIls 

incomplete or the oxynltnde glass IS more stable wlth respect to the 

surroundlng ~ grains 

6.1.2. The Propertles of YAG 

(1) YAG crystaillzes as a smgle crystal around the ~ grams, wlth no resldual 

glass bel ng observed 

(ii) Crystallizatlon of the trtple pOints IS Independent of pockct size 

Rather, dèvltnflcatlon of the pockets IS composltlon-dependent 

pockets hlgh ln SI will tend to remam amorphous dueto the stabdlty of 

the glass phase 

(II) The room temperature strength of siaions decreases slgnlflcantly 'Nlth 

devltnficatlon to YAG This IS predomlnantly due to the volume 

shnnkage assoclated wlth the formation of YAG from the glass, and 

results ln the debondmg of the y ~G grains from the W matnx 

(Iii) The room temperature strengths of devltrlfled SIAIONs are also 

affected by the grain morphology a reflned gram structure (1 e 
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aClcular partlcles of -0 311m) ln devltnfled samples Improves the mechanical 

propertles. 

62 FURTHER RESEARCH 

(1) Improvlng the dispersion techniques to homogenlze the additives IS 

essentlal to Improvlng the extent of devltnflcatlon of the glass to 

YAG This mlght requlre uSlng non-powder additives since the partlcle 

size of the additives are slmtlar to that of the SI3N4 

(II) Further work on hlgh temperature propertles of devitnfied samples 

should be performed to monitor the effect of the extent of 

crystaillzation on the creep rates 

(II) Devltnflcatlon of YSIAION glasses to other refractory phases which 

form wlth lower volume shnnkages should be studJed, 1 e. Y2S1207 

The lower shnnkages should therefore result ln Improved mechanlcal 

propertles of the SIAION, as the effect of mlcropore coalescence wou Id 

be reduced 
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1 
APPENDIX A 

CONVERSION O~ EQUIVALENT PERCENT TO WEIGHT PERCENT COMPONENTS 

OF SIALON FOR lIb 

(1) Convertmg e/o Ions to at. % elements 

cation anion 

y3+ SI4 + AI3 + 02- N3-

equlvalent % (e/o) 2 88 10 10 90 

dlvlde by valency 3 4 3 2 3 

;:: atomlc ratios o 67 22 3 3 5 30 

atomlc fll] 1 1 36 1 5 5 8 2 492 

(II) At Oô elements ln components 

y SI AI a N 

SI3N4 42 36 2 76* 54 68 

AIN 50 5 3 4 * 46 1 

Y20 3 40 60 

AI203 40 60 

If based on manufacturer's data 

(III) Conversion of at 0'0 to wt. 0'Ô com ponent 

at Dé SI = 36 1 

at 00 0 = 36 1 x 2 76 = 2.35 0 remalnlng = 82 - 2 35 = 5 85 
42 36 
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at.% N = 36.1 x 54 68 = 46.6 N remalnlng = 492 - 466 = 2.6 
42 36 

mole % SI3N4 = 36.1 + 2 35 + 46 6 = 8505% 

AIN 

at % N = resldual N = 2 6 

at % AI = 2 6 x 50 1 = 2 83 AI remalnmg = 55- 2 83 = 2 67 
46.1 

at. % 0 = 2.6 x 3 4 :: 0 19 0 remalnmg :: 585 - a 19 = 5 66 
46 1 

mole % AIN :: 26+ 2 83 + O. 19 = 5.62% 

Y203 

Ali Y comes trom Y203 only 

at. % Y = 1 1 

at % 0 = 1.1 x @.. :: 1 65 
40 

o remamlng = 5 66 - 1 65 = 4 01 

mole% Y203 ::: 1.1 + 1 65 = 2.75 

t\J2.Q3 

AI remammg cornes trom AI203 

at % Ai = 2.67 

at % 0 = 60 x 2 67 = 401 = 0 remamrng fram above 
40 

mole% AI203 = 2 67 + 401 = 668 

(iv) Convertrng mole% ta welght% 

SI3N4 AIN Y2 0 3 

mole% 8505 562 2 75 

x M W /100 141 4 41 2258 

120 26 230 6 21 

wt % 887 1 7 46 
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668 

102 

6 81 
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1 DETERMINATION OF YAG CONTENT AND Z VALUE 

The followmg assumptlons were made ln calculatmg the amount of YAG 

formed and z values for IIb, based on the above data' only~' and YAG are 

present upcn devltnflcatlon, and that ail the '(3 + present IS used to form 

Y3A1s012 The amount of AI3 + and 02- used to form the garnet phase can 

also be calculated 

One mole of Y3AIs012 contalns 20 atoms' 3 atoms of Y, S atoms of AI and 12 

atoms of 0 Smce there are 1 1 a/o of Y present (see table above), then the 

moles of YAG formed are 

1 alo x 20 atoms m Y3AIs012 = 7.3 mole % (m/o) YAG 

3 atoms of Y ln Y3AIs012 

Then, the amount of AI used to form YAG IS. 

7 3 m/o YAG x S atoms AI ln Y3AIs012 = 1 8 mole % (m/o) YAG 

Therefore, the amount of AI remalnrng ln the SIAION IS' 

5 Salo AI - 1 8 a/o AI = 3 6 alo AI 

ln startmg used ln 
matenal YAG 

remamlng ln 
SIAION 

The z value IS equal to the number of atoms of AI ln 1 mole of 13'. There are 14 

atoms per mole of P' SIAION, slnce the atomlc percent Ails known, the z value 

can also be determrned 
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1 
3.6 a/o AI x 14 atoms per 
ln SIAION mole of SIAION 

= z value = 0 5 

Therefore, the chemlcal formula forthe 13' SIAION IS 

The molecular welght of YAG = 593 6 g/mole 

and the moleculai'vvelghtofSls sAlo 500 SNJ S = 281 g/mole 

Therefore: 

0.073 mole YAG (593.6 g/mole) + (1-0 073 mole W) 281 g/mole = 303 9 9 

and the wt % YAG ln the composition 15· 

0.073 mol (593 6 g/mole) x 100 = 143 wt % YAG 

303.9 9 
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APPENDIX B 

a TO (3 TRANSFORMA TION 

The followmg data was obtamed by x-ray diffractIon for composItIon Id 

(srntered) 

Phase (hkl) 28 Intenslty 
(counts) 

a 210 35 3000 88 

P 210 36.0825 1160 

The welght percent p ln the sample IS determmed by the followlng equatlon 

l~m() 
--'--- = --- = 093 

1163 

[021O+1~210 88+1163 

From the calibration curve ln Figure 44, the ratio of Intensltles IS rnterpolated 

to glve the welght % pm the sample ln thls case, wt % 13 = 88% 

YAG CALCULATION FOR le 

The followlng data was obtal ned by x-ray diffraction for composition le 

Phase (hkl) 28 Intensltr 
(counts 

YAG 211 18.1125 188 
400 29 6750 172 
640 55 4175 106 

13 210 36 1100 1310 
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Using the ratio of mtenslties for each YAG diffractIOn Ime, the wt ~o y AG can 

be Interpolated from the calibration curves ln Fig ures 4.5-4 7 

IYAG211 = 188 
~ 27 wt % YAG 

IYAG211 +I~210 188 + 1310 

IYAG400 = 172 
24 wt % YAG ~ 

IYAG400 + IP21 0 172+1310 

IYAG640 = 106 
23wt% YAG ~ 

IYAG640 + Ip210 106+1310 

DETERMINATION OF a AND c 

The lattice parameter'i for p were calculated usmg the followmg equatlon 

where 8 IS the diffraction angle, l2/4 = 0 594, (h,k,1) are the Miller Indices for 

the diffraction angle, and a and c the lattlce parameters 

For composition la 

Diffraction 2H line 

212 75 5125 

330 747625 

Substltutlng Into the above equatlon, and solvlng the equatlons 

slmultaneously' 

2 1 4 (2
2
+2/1+1

2
} 2

2
1 

stn755125/2=0594 - +--
3 a'2 ,.2 
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sm 274 7625/2 = 0 594[ ~ (32+3~)3+.32) + 0: 1 

a- c-

a = 7 609 

c=2916 
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1 APPENDIX C 

CATION RATIO DETERMINATION 

The Y:AI'SI ratios were calculated based on the Cllff-Lonmer equatlon 

{Il %A 1.\ 
--=k -
{le %B .\111 1 

Il 

where at. % i 15 the atomlC percent of element l, Il 15 the mtenslty (or areù) of 

the peak, and k IS the k factor for the two elements. 

The k factor for Y/AI and SI/AI were determmed from YAG (Y3Als012) and 

muliite (3AI203.2SI02) standards, respectlvely, as follows' 

YAG 

3 atoms Y 
5 atoms AI 

Mullite 

2 atoms SI 
6 atoms AI 

= k YIAI 91685 
1042 16 

= kSI/AI 566.00 
1436 82 

and kY/AI = a 682 

and kSI/AI = a 846 

For the sJalon samples, the atomlc ratios were calculated knowmg the k factor 

and mtenslties of the elements as follows' 
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• 

1 

at.% Y = 0.682 393.2 
at.% AI 421.2 

at.%SI 
at.%AI 

= 0.846 968.6 
421.2 

and at. % Y = 0.637 
at.% AI 

and at. % Si = 1.946 
at.% AI 

Multlplymg by the respective valencles, the equivalent percents can thus be 

obtamed: 

cations 

y3+ S14+ AI3 + 

atomic ratios 0637 1.946 1 

x valency 3 4 3 

equlvalents 1.91 7.78 3 

equlvalent % 15 61 24 
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